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There is a growing interest towards continuous manufacturing in pharmaceutical industry. When considering solid dosage form manufacturing 
and continuous wet granulation, twin screw granulation is the most studied technology. In spite of this, process knowledge is not as 
comprehensive as it is for batch granulation technologies such as high shear granulation. One problem with twin screw granulation seems to be 
bimodal and broad particle size distribution of granules. Specific causes of bimodal distribution and the ways to possibly gain unimodality either 
in granulation step or via dry milling are not fully understood. 
 
The purpose of this study was to optimize the ConsiGma25 continuous twin screw wet granulation process and study dry milling as a possible 
way of gaining unimodal particle size distribution in order to optimize particle size for tablet compression purposes. One aim was also to 
compress tablets from the obtained twin screw granules and evaluate the quality against high shear and direct compressed tablets of same 
formulation.  
 
Central composite circumscribed design was used as a design of experiments for twin screw wet granulation process. Factors (powder feed rate, 
screw speed, liquid to solid ratio (L/S ratio) and mill screen size) were varied in two levels. In total, 29 experiments were conducted. Tablet 
compression design was fractional as only 11 experiments from the twin screw granulation design were tableted. High shear granulation was 
conducted with Diosna P-1/6 using three different L/S ratios. All of these batches were compressed to tablets. Also direct compression was 
carried out. Formulation used had ibuprofen as active pharmaceutical ingredient, mannitol and MCC as fillers, HPC as binder and 
croscarmellose sodium as disintegrant. Lubricant, sodium stearyl fumarate, was blended to granules before tablet compression. 
 
Torque was measured during granulation in order to evaluate equilibration of the twin screw granulation process. It stabilized quickly and 
stayed stable after parameter changes and increased as L/S ratio and barrel fill rate increased. Particle size distribution and flowability of 
granules were analysed and tablets were analysed according to European and United States pharmacopoeias. Also tensile strengths and 
compactibilities were evaluated.  
 
Particle size distributions of unmilled twin screw granules were bimodal and broad. After dry milling, QicPic dynamic image analysis results 
showed unimodal particle size distributions for all experiments whereas Mastersizer laser diffraction analysis showed more unimodal 
distributions for experiments milled with smaller mill screen sizes. Mill screen size had the largest effect on particle size and as increased mill 
screen size increased particle size. Results showed that dry milling was a way to optimize particle size distribution for tablet compression 
purposes. Also flowability of formulation and process parameters needed to be optimized as granulation parameters had an effect on particle 
size and manufacturability was enhanced with better flowing formulation compared to previous study. Knowledge of the influence of L/S ratio, 
screw speed and powder feed rate, on granule size was gained. The effect of these process parameters varied depending whether d10, d50 or d90 
was measured and particle size analysis method used. Increased L/S ratio and screw speed increased granule size as increased powder feed rate 
decreased it.  
 
Twin screw tablets showed higher tensile strengths and better compactibility compared to both high shear tablets and direct compressed tablets. 
Twin screw tablets showed also faster dissolution compared to direct compressed tablets probably due to of lower compression force. Mill 
screen size had the largest effect on dissolution properties of the twin screw tablets. When larger mill screen size was used, dissolution was 
slower due to larger particle size. Also increased powder feed rate made dissolution rate slower due to higher fill rate of the barrel. In other 
tablet properties analysed, no significant differences were seen between different twin screw experiments or between twin screw tablets and 
direct compressed tablets. All of the twin screw tablets and direct compressed tablets fulfilled the requirements of European and United states 
pharmacopoeia. As a conclusion, continuous granulation process was successfully optimized and high quality tablets resulted showing 
especially the effect of dry milling on granule size and shape as well as on tablet properties.  
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1  INTRODUCTION 
 
Pharmaceutical industry has traditionally used batch processing in drug product 
manufacturing. However, there is a growing interest towards continuous manufacturing 
because of the advantages it brings, for example cost reductions and faster development 
times (Vervaet and Remon 2010). In batch manufacturing, a defined amount of material 
is processed from one unit operation to another to produce the finished drug product, 
whereas continuous manufacturing is based on a constant flow of material through the 
process. When considering solid dosage form manufacturing, some of the unit 
operations, for example tablet compression, are easily transferred from batch processing 
to continuous because of the ability of the process to run in a continuous manner 
(Vervaet and Remon 2005). On the other hand, some unit operations, including wet 
granulation, are not as easy to convert (Vervaet and Remon 2010). However, wet 
granulation is an often needed agglomeration technique to enhance material processing 
properties which makes it a bottleneck when developing continuous processes (Vervaet 
and Remon 2005; Vervaet and Remon 2010). The most studied technology for 
continuous wet granulation is twin screw granulation, where material is granulated with 
two rotating screws inside a barrel (Vervaet and Remon 2010). It has been studied for 
continuous granulation since the first published studies of Gamlen and Eardley (1986) 
and Lindeberg (1987).  
 
Even though twin screw granulation is the most studied continuous wet granulation 
technology, and has been studied for almost three decades, possible variables in the 
process, their interactions and effects on granule and tablet properties are still 
insufficiently understood. Process knowledge is not as comprehensive as it is for batch 
granulation technologies such as high shear wet granulation. Twin screw granulation is 
also a quite flexible technology with multiple variables, which makes it even more 
difficult to understand (Fonteyne et al. 2013).  
 
One problem with twin screw granulation is the propensity to obtain broad, bimodal 
particle size distribution of granules (Lee et al. 2013). After granulation and drying, 
fraction on fine particles and larger particles can be observed, which may lead to 
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segregation during following process steps (Lee et al. 2013; Vercruysse et al. 2015a). 
Neither the specific causes of the bimodal distribution nor the steps needed to obtain 
unimodality by granulating or via dry milling, are fully understood.  
 
This study was based on continuous twin screw wet granulation with ConsiGma25 
(GEA Pharma systems Collette, Wommelgem, Belgium). The aim of the previous 
master´s thesis study (Kyssä 2015) was to evaluate properties of granules manufactured 
with ConsiGma25 and the tablets produced from them. It was carried out by varying 
powder and liquid feed rates, screw speed and screw configuration at broad ranges. The 
aim of this study was to further optimize the ConsiGma25 continuous twin screw 
granulation process by varying these process variables in a smaller region while holding 
screw configuration constant. Also the filler grades of formulation were changed to 
larger particle sizes in order to improve flow properties of the formulation and thus 
enhance manufacturability. In addition to optimizing process parameters and 
formulation, dry milling was considered as a possible way of gaining unimodal particle 
size distribution in order to optimize particle size for tablet compression purposes. 
Granule and tablet properties were evaluated and tablets were compared to direct 
compressed tablets and tablets compressed from high shear granules to determine the 
effect of twin screw granulation on tablet properties. 
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2  LITERATURE REVIEW 
 
2.1 Batch and continuous manufacturing in pharmaceutical industry 
 
Pharmaceutical manufacturing has traditionally based on batches meaning that a defined 
amount of material is processed from one unit operation to another in order to get a 
finished drug product (Vervaet and Remon 2005; Vervaet and Remon 2010). Between 
unit operations, quality is assured with off-line analyses (Figure 1). If the quality fails to 
be in predefined limits, decision of rejection or reprocessing of the batch has to be 
made. 
    
Figure 1. The idea of batch manufacturing.  
 
Many other industrial branches, for example food industry, use continuous 
manufacturing to gain advantages such as cost reductions, easier automation and better 
process understanding (Vervaet and Remon 2005; Vervaet and Remon 2010). This kind 
of processing is based on constant material flow through the process meaning that 
material is constantly added to the process and finished product is constantly removed 
from it (Vervaet and Remon 2010). At the same time, process parameters and quality 
are monitored in real-time using in-line, on-line and at-line analyses (Figure 2). If 
process variables stay in the predefined limits during manufacturing, quality of the 
product is ensured.  
    
Figure 2. The idea of continuous manufacturing.  
Unit 
operation 
Off-line 
analysis 
Unit 
operation 
Material in 
 
Material out 
 
Real-time analysing 
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Even though continuous manufacturing offer advantages, it is rarely established in the 
pharmaceutical field (Vervaet and Remon 2010). There are many reasons for this. It has 
been questioned, whether continuous processing is only suitable for the manufacturing 
of high-volume drug products (Vervaet and Remon 2005). Amounts manufactured in 
the pharmaceutical industry are small compared to other industries using continuous 
manufacturing. There have also been doubts towards the attitudes of regulatory 
authorities and towards the possibility to gain a high quality drug product. Additionally, 
equipment for batch manufacturing already exists and switch to continuous processing 
would require investment into new equipment and training of the operators (Fonteyne et 
al. 2013). However, there is a growing interest towards continuous processing to reduce 
costs (Vervaet and Remon 2005). Traditionally drugs have had good profit margins, 
which has enabled manufacturers to manufacture with a process that is not even the 
most efficacious one (Vervaet and Remon 2010). Nowadays the competition is harder 
due to for example generic manufacturing, which forces manufacturers to come up with 
new solutions also in the manufacturing technology. It has been noticed that new drug 
products are not the only way to gain profit but more cost-effective manufacturing plays 
also an important part. Real-time process analysing to gain more robust process and the 
positive attitude of authorities are also important factors in this growing interest.   
 
2.1.1 Advantages and disadvantages of continuous manufacturing 
 
Some of the most important advantages and disadvantages of continuous processing are 
presented in Table 1. Process development in continuous manufacturing is faster 
compared to batch manufacturing because scale-up can be carried out using same 
equipment whereas in batch manufacturing, different sizes of equipment are needed 
(Vervaet and Remon 2005; Vervaet and Remon 2010). Faster scale-up shortens 
products time to markets and thus reduces costs (Vervaet and Remon 2010). In addition, 
authorities are especially interested in quality differences between drug product used in 
clinical studies and commercial drug product (Leuenberger 2001: Betz et al. 2003). 
When processing in different sizes of equipment as in batch scale-up, product properties 
may vary (Leuenberger 2003). For example granule properties may change during 
scale-up and this may lead to differences in tablet properties. However, the only thing to 
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change between clinical study production and commercial production when 
manufacturing continuously is production time (Byrn et al. 2015). In addition, when the 
whole scale-up is done using same equipment, there is no need for bioequivalence 
studies (Vervaet and Remon 2010). 
 
Table 1. Advantages and disadvantages of continuous manufacturing (Gamlen and 
Eardley 1986; Lindeberg 1988; Leuenberger 2001; Betz et al. 2003; Vervaet and Remon 
2005; Dhenge et al. 2010; Vervaet and Remon 2010).  
 
Continuous manufacturing requires less labour and equipment compared to batch 
manufacturing because of easier automation and the possibility to manufacture varying 
amounts of product in same equipment by varying process time (Vervaet and Remon 
2005; Vervaet and Remon 2010). This possibility to alter process time makes it easier to 
vary the produced amount of product based on market demand (Vervaet and Remon 
2010). Continuous equipment is thus usually used more efficiently than batch 
equipment. In addition to less space requirements in terms of the amount of equipment, 
continuous equipment are usually also smaller and occupy less space in the production 
area meaning that they also require less heating, ventilating and air conditioning 
systems. Storage space is also saved because there is no need to store intermediate 
products.  
 
Advantages Disadvantages 
Fast Costs related to transfer to continuous 
manufacturing 
Requires less space and equipment Material cannot be tracked as batches 
Easy scale-up/ no scale-up Less research done 
Real-time release Equilibrium conditions have to be 
reached 
Easy automation, less labour Removal of spoiled material is 
challenging 
Variation of the amount of product Problems in feeding poorly flowing 
powders to the process 
Quality more assured  Possible variation in residence time 
Higher yield and throughput  
Closed process, material less exposed  
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Process parameters and quality are constantly assessed when manufacturing 
continuously (Vervaet and Remon 2010). If there is an error in the process or quality 
parameters, it can be quickly noticed and fixed (Vervaet and Remon 2005). Because of 
this constant monitoring, less waste is produced, quality of the product is more uniform 
and the process is more productive (Vervate and Remon 2010). Constant monitoring 
allows also real-time release of the product meaning that it can be released to the 
markets right after manufacturing (Vervaet and Remon 2005). In contrast, if there is an 
error in batch process and products quality does not fulfil the requirements set, the 
whole batch can be discarded after off-line analyses (Vervaet and Remon 2005). Some 
see quality assurance as an advantage in batch process compared to continuous process 
(Leuenberger 2001). This is related to the easiness of either reject or reprocess definite 
amount of material with defects in batch manufacturing.  
 
In continuous processing, product is intact because of the closed process when 
compared to batch process in which material is constantly transferred from unit 
operation to another (Vervaet and Remon 2010). Because of this, material is more at 
risk to environmental effects in batch manufacturing and also the operator is more 
exposed to the material (Lindeberg 1988; Vervaet and Remon 2010). 
 
Even though cost reductions are possible with continuous processing, costs related to 
transfer from batch manufacturing to continuous, for example generation of whole new 
processing plant, can be high (Aksu et al. 2012; Byrn et al. 2015). However, it has been 
assumed that these costs would be offset by the long-term savings (Byrn et al. 2015).  
 
Tracking of material from a continuous process is more problematic than from batch 
process because continuously produced material does not have batches (Betz et al. 
2003; Vervaet and Remon 2010). The only possibility to track material is by the time 
interval of production. Homogeneity of the product produced in different time intervals 
must be ensured because there is a risk for unequal residence times (Vervaet and Remon 
2010). Longer residence times can lead to contamination of proper quality material with 
disintegrated material if drug is for example labile to heat or moisture (Leuenberger 
2001). In batch process, there is no possibility for residence time variation, because it is 
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equal for the whole batch. If there is some material with defects in continuous process, 
it is also hard to remove in a way it does not contaminate the undefected material 
(Vudaltha et al. 2010).  
 
Before collecting the product in continuous process, equilibrium conditions have to be 
reached (Ghebre-Selassie et al. 2007). Until this point, product is regarded as waste. 
There is thus a risk for excessive amount of wasted material if the equilibrium 
conditions are not achieved in desired time (Vervaet and Remon 2010). This is why 
continuous manufacturing process requires quick initiation and ending (Byrn et al. 
2015). Typically though, yield is better in continuous process because in batch process, 
material is usually wasted during transportation from one unit operation to another 
(Vervaet and Remon 2005; Vervaet and Remon 2010).  
 
2.1.2 Continuous wet granulation in solid dosage form manufacturing  
 
Continuous manufacturing has been used in production of some complex 
pharmaceuticals, for example injections and inhalers (Aksu et al. 2012). Yet it is not 
widely established in the solid oral dosage form manufacturing even though it is the 
most common dosage form of pharmaceuticals (Vervaet and Remon 2005). In tablet 
manufacturing, some unit operations, such as tablet compression and packaging, could 
easily be transferred from batch process to continuous because of the capability to run 
in a continuous manner. Some unit operations, such as wet granulation and drying, 
would in contrary need more work because they are clearly batch processes (Vervaet 
and Remon 2010). Because wet granulation is often needed to improve material 
properties in solid dosage form manufacturing, it is the bottleneck in transfer from batch 
to continuous processing (Vervaet and Remon 2005).  
   
Granulation is a process aiming to increase particle size via agglomeration (Iveson and 
Litster 1998). The most important objectives of granulation are to enhance particle flow, 
to make particles more homogeneous when concerning size, density and drug 
distribution, to ease tablet compression and to reduce dust formation (Iveson and Litster 
1998; Vervaet and Remon 2005; Gokhale and Trivedi 2010). It can be carried out as 
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wet, dry or hot-melt granulation depending on the binder and technique used (Gokhale 
and Trivedi 2010). In wet granulation, liquid is used with or without additional binder to 
agglomerate solid material (Düring 2010).   
 
Continuous wet granulation is a process in which material is constantly agglomerated 
and discharged (Lindeberg 1988). It has been performed with various granulation 
techniques, extrusion with single or twin screws being the most studied because having 
an ability to work in a continuous manner and agglomerate by high shear forces 
(Vervaet and Remon 2010; Tan et al. 2011). Screw granulation technology has an 
advantage to produce less waste material and more uniform yield due to the smaller 
hold-up volume than other granulation technologies (Lee et al. 2012). It has also short 
residence time making the process fast (Ghebre-Selassie et al. 2007). The reason why 
twin screw granulation is preferred over single screw granulation is shorter residence 
time and smaller equipment size (Mollan 2007). In addition, conveying of material is 
more effective as there is a possibility that the material is left to rotate with the screw in 
single screw equipment.  
 
One of the firsts to observe the ability of twin screw extrusion to be suitable for 
continuously produce granules were Gamlen and Eardley (1986). Also Lindeberg 
(1988) studied the possibility of using continuous twin screw Baker Perkins cooker -
extruder traditionally used in the food industry to produce granules of effervescent 
formulation. Resulting tablets had the same quality as tablets produced from granules 
manufactured with traditional granulation methods. Lindeberg (1988) draw a conclusion 
that continuous granulation with twin screw extrusion is suitable for the small amount 
of material used in pharmaceutical industry and it can be used as an alternative for batch 
granulation.  
 
Other mechanical granulators, such as high shear mixer, have been studied for 
continuous granulation purposes (Vervaet and Remon 2010). However, a typical 
problem for many of these technologies is too high throughput for pharmaceutical 
manufacturing. In addition, for example high shear granulation, which is the most 
common way of wet granulation in batch processing, has more imprecise residence time 
compared to twin screw granulation because there is no opportunity for plug flow. 
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Besides mechanical granulators, fluid bed has been studied for continuous granulation. 
Also fluid bed has unsecure residence time compared to twin screw granulation and too 
high throughput. 
 
2.2 Twin screw granulation technology 
 
A twin screw granulator composes of two screws in a barrel, powder addition port, 
liquid addition port, material outlet and motor (Kleinebudde and Lindner 1993). Powder 
feeding is usually carried out with gravimetric loss-in-weight (LIW) feeder because 
constant powder flow is desired (Doetsch 2007; Martin 2013). LIW feeders, of which 
twin screw feeder is an example, feed material based on an estimated mass flow rate 
(Doetsch 2007). In continuous granulation, the feeder needs to be refilled at suitable 
time intervals because the powder is constantly consumed. Granulation liquid can be fed 
in one or even three feeding ports depending on the properties of granulation liquid and 
equipment (Ghebre-Selassie et al. 2007).  
 
Unlike in some other equipment, in continuous twin screw granulator it is not possible 
to have separate mixing process before granulation (Van Melkebeke et al. 2008). 
Because of this, there is always mixing modules in the barrel and the mixing efficiency 
needs to be taken into consideration. Of course premixing can be carried out before 
starting twin screw granulation for example in the situation where there are multiple 
solid ingredients in the formulation (Lindeberg 1988). Because twin screw granulation 
produces wet granules, drying is needed (Vervaet and Remon 2005).  
 
The twin screw granulator works material by two screws which transfer material 
continuously forward in an eight shaped barrel (Vervaet and Remon 2005; Martin 
2013). As the material moves inside the barrel, screws mix and granulate it (Vervaet 
and Remon 2005). The first studies of twin screw granulation were done with die plate 
at the end of the barrel but it was later removed (Gamlen and Eardley 1986; Lindeberg 
et al. 1987; Lindeberg 1988; Lindeberg et al. 1988; Kleinebudde and Lindner 1993). 
Because of this, technology was especially at first called twin screw extrusion as 
extrusion can be described as a process in which material is pushed through a die 
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(Mollan 2007). Motor drives screws to rotate either in same direction (co-rotation) or in 
opposite directions (counter-rotation) (Figure 3) (Mollan 2007; Steiner 2007). Twin 
screw granulators can be classified by this rotation property. Screws are “self-wiping” 
and thus material is hardly accumulated in the process as it is forced to move forward 
(Martin 2013).   
 
 
Figure 3. Co-rotating twin screws at the upper picture and counter-rotating screws at the 
lower picture (Martin 2013).   
 
The barrel, which surrounds the screws, can be heated or cooled (Steiner 2007). It needs 
to be cooled to avoid material degradation or changes in viscosity via heat generation. 
This is normally done with liquid or air. Heat is generated of high shear forces when 
screws are rotating in the barrel (Mollan 2007).  
 
In continuous granulation, equilibrium conditions have to be reached before collecting 
the product (Ghebre-Selassie et al. 2007). This means that material granulated to that 
point, is regarded as waste. Torque moderation is a good measure of equilibrium 
conditions (Vercruysse et al. 2012). Temperature of the barrel and stabilizing granule 
quality have also been used to evaluate when equilibrium has been reached (Ghebre-
Selassie et al. 2007; Vercruysse et al. 2012). Equilibrium has to be met because the 
material flows continuously forward in the barrel (Ghebre-Selassie et al. 2007). This 
means that before reaching equilibrium conditions product may have different 
properties compared to product manufactured in equilibrium conditions. 
 
2.2.1 Composition of screws  
 
The screws consist of zones (Vudaltha et al. 2010). Every zone has a different function 
in the barrel: to feed, to mix or to discharge material (Lindeberg 1988). Feeding zone, 
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also called conveying zone, conveys material forward in the barrel and mixing zone 
mixes and granulates the material. Zones consist of different types of elements (Ghebre-
Selassie et al. 2007). Mixing zone of the screws can consist of two kinds of elements, 
either dispersive or distributive (Martin 2003). Dispersive elements break down 
structures as agglomerates and distributive elements spread the material without 
breaking it down (Ghebre-Selassie et al. 2007) (Figure 4). Shear forces exist in 
dispersive mixing elements and thus the ratio of dispersive and distributive mixing 
elements can be altered to get suitable granules. 
 
 
Figure 4. The difference between dispersive and distributive mixing (Martin 2013).  
 
Elements can be divided to be conveying or non-conveying based on the actions (Li et 
al. 2014). As conveying elements transfer material forward in conveying zone, non-
conveying elements hinder material passage in the barrel in mixing zone (Vercruysse et 
al. 2012). Non-conveying elements affect importantly on the properties of produced 
granules because they are working filled with powder and thus pressure accumulates in 
them (Li et al. 2014). This results in densification of the processed material (Vercruysse 
et al. 2015a). The most important type of non-conveying elements are kneading 
elements, discs (Li et al. 2014). They function as elements in the mixing zone (Ghebre-
Selassie et al. 2007). They can be distributive or dispersive depending on the width, 
angle and direction (Thiele 2007). When kneading elements are wide, have small 
staggering angle and are set up in a reverse direction, they contribute to dispersive 
mixing behaviour. Mixing zone consists then usually of certain amount of kneading 
discs, which are separated from each other at angle called staggering angle (Li et al. 
2014). This is why mixing zone can be called kneading zone. The bigger the staggering 
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angle between kneading discs, the more they are hindering the material flow (Thompson 
2015).  
 
The mostly used elements in twin screw granulation are then different sizes of 
conveying elements and different widths of non-conveying kneading elements (Figure 
5) (Vercruysse et al. 2015a). Also other kinds of mixing elements, screws mixing 
elements and tooth mixing elements have been studied. In addition to these, there are 
many other elements available but all of them have not been studied for twin screw 
granulation purposes (Thompson 2015).   
 
A. 
   
B. 
 
Figure 5. A. ConsiGma conveying elements (three from left) and kneading discs (two 
from right) and B. Conveying zones and kneading zones of ConsiGma screws. 
 
Screws are typically composed of two segments, feed segment where the powder is fed 
into the barrel and work segment where the granulation takes place beginning at the 
liquid addition point (Figure 6) (Kumar et al. 2014a; Vercruysse et al. 2015a). As can be 
seen from the Figure 6, the feed segment is the area of screws from the powder addition 
to the point of granulation liquid addition consisting of conveying elements that transfer 
the powder fed into the system towards the work segment (Vercruysse et al. 2015a). 
After the granulation liquid addition, work segment begins. In it, kneading elements are 
mixing the mass leading to modification in the particle properties (Kumar et al. 2014a; 
Vercruysse et al. 2015a). 
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Figure 6. Two segments of ConsiGma twin screws.  
 
The way the elements are arranged on screw shafts, is called screw configuration (Van 
Melkebeke et al. 2008). Every time elements are in different positions, the screw 
configuration is altered (Dhenge et al. 2012a). This flexibility is one of the advantages 
of twin screw technology as configuration can be altered to find the best suitable 
(Dhenge et al. 2012a; Lee et al. 2012). However, material fed into the barrel follows 
screw configuration until it comes out of the barrel (Kumar et al. 2014a). This means 
that it is exposed to different kind of reactions depending on configuration, and 
granulation occurs differently every time the configuration is changed (Kumar et al. 
2014a; Li et al. 2014). This is why the effect of elements and their location should be 
carefully understood when granulating (Li et al. 2014).  
 
2.2.2 Definitions of twin screw granulator and shear forces 
 
Different measures of screws and barrel can be used to define twin screw granulator 
(Figure 7). Overflight gap is the space between the screw tip and the barrel wall (Martin 
2013). Flight depth instead is defined as a ratio of outside diameter and inside diameter 
of screws and it describes the free volume between screw and barrel wall. Usually, 
barrel process section, meaning the barrel and the screws, is defined as the ratio of 
length to diameter (L/D). Diameter to be used in this ratio is outside diameter. The 
bigger the process section is (bigger L/D), the longer the barrel and the screws and 
because of that, the more modifying of the screws is possible. In pharmaceutical 
processing, L/D is typically under 40.   
 
When using only conveying elements, twin screw granulator is a low shear system and 
kneading elements are needed to efficiently shear the mass (Dhenge et al. 2013). 
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Depending on the location of material between kneading discs and barrel wall, it 
experiences different strength of shear forces (Figure 8). The screw channel, the area 
between side of kneading element and barrel wall, is an area of low shear forces (Martin 
2013). However, shear forces existing there are dependent on the fill rate of the barrel. 
At other areas in kneading elements, shear forces are high independent of fill rate of the 
barrel because working filled with material (Martin 2003; Li et al. 2014). In twin screw 
granulator, there is not that much space for material to move in (Dhenge et al. 2012b). 
This leads to higher shear stresses inside the barrel when compared to for example high 
shear granulation where material has a lot of space to move within. The more there is 
material in the barrel, in other words how filled the barrel is with material, the less there 
is space to move and the higher are the stresses acting on material.  
  
 
Figure 7. View from the barrel end (Martin 2013). OD =outside diameter, ID = inside 
diameter.  
 
 
Figure 8. The most important shear areas in kneading zone (Martin 2013). Intermeshing 
area is the area in which two screws are interacting.  
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2.2.3 Twin screw granulation rate processes 
 
Granules can be grouped by the degree of liquid saturation in pores between single 
particles to be pendular, funicular, capillary or droplet (Figure 9) (Newitt and Conway- 
Jones 1958). In the pendular phase, liquid forms single bridges between particles (Ennis 
2010). In the funicular phase, pores are partially fully filled with liquid and partially 
single bridged as in pendular phase. In capillary phase, pores between particles are fully 
filled with liquid. Pore saturation increases towards droplet state. Strength of granules 
follows the same pattern as saturation, increasing towards capillary phase. However, 
after capillary phase, in the droplet phase, the strength decreases. After the capillary 
state, powder starts to wet even more and slowly it starts to resemble the added liquid 
(Alleva and Schwartz 1986).   
 
 
Figure 9. Pore saturation states of granule (Modified from Ennis 2010).  
 
Wet granulation of powder consists of phases, called rate processes (Ennis 2010). These 
are wetting and nucleation, growth, consolidation and breakage. Granules can grow 
through coalescence or layering and break through shattering, fragmentation or wear. 
Rate processes are simultaneous in the most popular granulators, including high shear 
granulator and fluid bed, but this is not the case in twin screw granulator (Dhenge et al. 
2012a; Dhenge et al. 2012b). Instead, rate processes take place in different elements of 
the screws as the material flows forward in the barrel and thus happens physically in 
different zones. The residence time for powder inside the barrel is, however, quite short, 
typically only a few seconds (Kumar et al. 2014a; Martin 2013). During this short time, 
all the granulation rate processes are required to form granules.  
 
Funicular 
 
 
Capillary 
  
Droplet 
 
Pendular 
 
Increasing pore saturation 
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At the beginning of the work segment, granulation liquid is added as droplets to the 
barrel (Dhenge et al. 2012a). This results in the formation of large and wet nuclei as the 
powder particles immerses in the droplet. In other words, wetting is said to happen as an 
immersion (Dhenge et al. 2012b; Lee et al. 2013). This leads to generation of large 
agglomerates because they have not undergone the shearing forces in the kneading zone 
(Dhenge et al. 2012a). If these agglomerates do not enter kneading zone, they are not 
changing much when moving ahead along the screws (Dhenge et al. 2012b). In the 
kneading zone, consolidation and breakage takes place (Dhenge et al. 2012a). At 
kneading elements, granules are formed to be stronger and denser. Breakage and 
consolidation is known to happen because the particle size is smaller when compared to 
size after nuclei formation. In the kneding section, granules are elongated and 
compacted (Lee et al. 2013). In the conveying section, some growth may occur due to 
layering (Dhenge et al. 2012a). The strength of the granules increases as the material 
moves forward in the barrel.  
 
It has also been proposed that one rate process, consolidation, would not happen in twin 
screw granulation process because the resulting granules are not so dense compared to 
for example granules produced with high shear granulation (Lee et al. 2013). This is 
because of the consolidation is the rate process that determines the density of the 
granules. Lee et al. (2013) used two sets of five kneading elements in 90° staggering 
angle. As mentioned previously, the larger the angle between kneading discs, the more 
likely they function as distributive mixing elements rather than dispersive. Maybe this 
has been the case here that kneading discs did not have sufficiently small angle to 
disperse the mass and thus result in consolidation.  
 
A regime map for granulation mechanism has been proposed for twin screw granulation 
process (Figure 10) (Dhenge et al. 2012b). When compared to phases of granules in 
batch granulation, there are similarities. Phases are called under wetted, nuclei, crump, 
granule and over wetted or paste like material. In under wetted and crump state, too 
little liquid has been added and in contrary, if too much water is added, material turns 
into over wetted or paste-like mass. Material is known to be over granulated when it 
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turns to large ribbons instead of granules (Tan et al. 2011). Granules are formed when 
adequate liquid amount is added (Dhenge et al. 2012b).  
 
When using twin screw technology, a broader liquid to solid (L/S) ratio region is 
possible compared to that of high shear granulation (Lee et al. 2013). In high shear 
granulation, too much liquid results in uncontrolled particle growth and insufficient 
amount of liquid is not enough to granulate the material. Of course, if the amount of 
granulation liquid is too small in twin screw granulation, the fraction of ungranulated 
material increases and if it is too high, oversized granules, lumps or paste-like material, 
is produced. Twin screw granulation is also observed to require less liquid to granulate 
material compared to high shear granulation (Tan et al. 2011; Beer et al. 2014). The 
need for less liquid is an advantage when considering continuous drying as drying times 
are shorter (Keleb et al. 2004b). 
 
   
Figure 10. Regime map for twin screw wet granulation (Dhenge et al. 2012b). σ = 
stresses acting on material, τ = strength of granule. 
 
2.2.4 ConsiGma continuous wet granulator 
 
ConsiGma is a commercial continuous high shear twin screw wet granulator (GEA 
Pharma systems Collette, Wommelgem, Belgium) (Figure 11). The wet granulation line 
consists of a powder feeder, a twin screw wet granulator, a six-segmented fluid bed 
drier and a conditioning unit, in which granules are dry milled and evaluated (Vervaet 
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and Remon 2010; Fonteyne et al. 2013; Vercruysse et al. 2015a). Drying in ConsiGma 
can be regarded as semi-continuous because of the segmented nature of the fluid bed 
(Chablani et al. 2011).  There is also a full powder-to-tablet line that has, in addition to 
the wet granulation line, a lubricant mixing unit as well as a tablet compression unit. 
Production-scale ConsiGma equipment is described by the powder throughput and 
available in three different throughputs: 25, 50 and 100 kg/h (ConsiGma25, 
ConsiGma50 and ConsiGma100).  
 
 
Figure 11. ConsiGma25 wet granulation line (Fonteyne et al. 2013). 1= feeder, 2= twin 
screw granulation unit, 3= granulation liquid tank, 4= six segmented fluid bed drying 
unit and 5= conditioning unit with integrated mill. 
 
A portable, laboratory-sized ConsiGma1 line is also available. Even though the 
ConsiGma1 is smaller in size, the screws and barrel have the same dimensions as the 
ConsiGma25. In ConsiGma1, granulator barrel can be opened (Kumar et al. 2014a). 
This makes it possible to sample granules during the process when needed. Hence, this 
enables studies aiming to specify the granulation in different parts of the screws.  
 
2.3 The effect of process variables on twin screw granulation process 
 
The ways to affect continuous twin screw granulation process can be divided into three 
categories; equipment, product and process (Table 2) (Fonteyne et al. 2013). As can be 
seen, parameters to vary are many, which makes twin screw granulation a flexible 
technology. This flexibility is an advantage, but it makes the process difficult to 
understand. Since the first studies it has been clear that process variables not only have 
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an effect on granule properties alone but they may also have interactions (Lindeberg et 
al. 1987; Dhenge et al. 2010). This in part makes the understanding and optimization of 
the twin screw granulation process difficult.   
 
The most investigated process parameters in published studies are liquid to solid (L/S) 
ratio, screw speed and powder feed rate. L/S ratio is the ratio of added granulation 
liquid and solid material and thus depends on powder and liquid feed rates (Kumar et al. 
2014a). Screw speed is the speed of the rotating screws (rpm) and powder feed rate tells 
how much powder is fed into the system (kg/h). Filling degree is a measure of the 
amount of material inside the barrel at the same time (Lee et al. 2012). It increases as 
powder feed rate increases and screw speed decreases. It may also increase when 
staggering angle between kneading discs increases as conveying capacity decreases. Of 
equipment parameters, screw configuration is the most varied in literature. The number 
of kneading elements and their staggering angle as well as how elements are situated on 
the screws can be varied. Of course, powder and granulation liquid properties also have 
an effect on the properties of resulting granules (Fonteyne et al. 2013).  
 
Different twin screw granulators may produce granules with different granule properties 
(Djuric et al. 2009). This is related to varying free volume inside the barrel resulting in 
varying material densification. For example, when fill degree of the barrel is higher, 
granules densify more and as a result have lower friabilities. Also tip speed varies 
between twin screw granulators because of differences in screw diameter.  
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Table 2. Equipment, product and process factors having an effect on continuous twin 
screw wet granulation process (Modified from Fonteyne et al. 2013). 
 
2.3.1 Residence time  
 
As the residence time in for example high shear and fluid bed granulation is measured 
by minutes, it is measured by seconds in twin screw granulation (Vercruysse et al. 
2014). This means that material is inside the barrel really short time. Residence time 
decreases as powder feed rate increases when there is more material in the barrel to 
push material forward (Dhenge et al. 2010; Dhenge et al. 2011; Lee et al. 2012). In 
other words, increasing powder feed rate creates pressure for material to move forward 
Equipment                  Product Process 
 
Screw configuration 
 
Screw length 
 
Diameter of the 
granulation liquid inlet 
nozzles 
 
Powder feeding method 
 
Position of liquid 
addition into barrel 
 
Starting powder: 
 
Particle size distribution 
 
Homogeneity of raw material 
powders 
 
Presence of agglomerates 
 
Segregation during feeding 
 
Powder density, cohesion, 
particle shape, surface roughness, 
surface area, hygroscopicity, 
wettability  
 
Solubility in granulation liquid 
 
Concentration of drug 
 
Ratio of API/excipients 
 
Granulation liquid: 
 
Viscosity, surface tension 
 
Solid-liquid tension 
 
Binder type, concentration and 
addition method 
Powder feed rate 
 
Bridge breaker speed 
 
Filling degree of barrel 
 
Screw speed 
 
Barrel temperature 
 
Liquid feed rate  
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in the barrel (Lee et al. 2012). Flow is then more plug flow, whereas with low powder 
feed rate, back mixing of material can occur (Dhenge et al. 2010; Dhenge et al. 2011). 
When powder feed rate is low, there is less incoming material forcing movement 
(Dhenge et al. 2010). The residence time also decreases with increasing screw speed 
because the material is transported more efficiently forward in the barrel (Kleinebudde 
and Lindner 1993; Dhenge et al. 2010; Lee et al. 2012; Kumar et al. 2014b). Because of 
shorter residence time when powder feed rate increases and screw speed decreases, it 
can be said that as fill rate of the barrel increases, residence time is decreased (Kumar et 
al. 2014b). This is due to the increased throughput force. Throughput force means that 
incoming material creates pressure to drive material forward in the barrel. In contrary, 
when fill degree of the barrel is small meaning high screw speed and low powder feed 
rate, the residence time in the barrel increases. Increasing L/S ratio results in increasing 
residence time as wet material is harder to convey forward (Dhenge et al. 2010).  
 
The capacity of transporting material is lower with kneading elements compared to 
conveying elements (Lee et al. 2012). Because of this, when the amount of kneading 
elements increases, residence time increases (Kumar et al. 2014b). Because conveying 
capacity of kneading elements decreases as staggering angle increases, residence time 
increases when staggering angle increases (Lee et al. 2012; Kumar et al. 2014b).  
 
2.3.2 Torque 
 
As mentioned previously, equilibrium conditions have to be reached before granules 
can be collected. However, this steady state needs to be distinguished from the state 
where the properties of granules and tablets fulfil requirements set (Vercruysse et al. 
2015b). To reach equilibrium conditions, torque moderation is required. The reason 
why torque is not stable straight from the beginning is coverage of the barrel walls with 
wet mass (Vercruysse et al. 2012). After this gradual layering, torque stabilizes.  
 
Torque can be used as a measure of the stability of process as it relates to the 
consolidation and high shear forces the material is experiencing (Dhenge et al. 2010; 
Vercruysse et al. 2013; Kumar et al. 2014a). Because variation in torque values can be 
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observed when process parameters are varied, it can be concluded that torque correlates 
to the compaction of material in the barrel (Dhenge et al. 2010; Dhenge et al. 2011). 
However, it does not provide any information about the reactions in different screw 
elements (Kumar et al. 2014a).  
 
When only conveying elements are used in screw configuration, torque is low because 
material is not experiencing any high shear forces (Dhenge et al. 2013). When kneading 
elements are in use and high shear forces exist, torque increases as the amount of 
kneading elements increases and as the staggering angle increases due to hindrance of 
material passage (Vercruysse et al. 2012; Kumar et al. 2014b). Also barrel wall 
temperature increases as the number of kneading elements increases (Vercruysse et al. 
2012). This is due to the increasing heat formation with increasing friction.  
 
Torque increases as L/S ratio increases (Dhenge et al. 2010; Kumar et al. 2014a). It 
increases also when powder feed rate increases because more work is required to 
transfer increased amount of material forward in the barrel (Dhenge et al. 2010; Dhenge 
et al. 2011; Vercruysse et al. 2012; Dhenge et al. 2013). On contrary, as screw speed is 
increasing, torque decreases because the capacity of screws to transport material, is 
increased (Dhenge et al. 2010; Tan et al. 2011). However, differentiating result of 
screws speeds effect on torque has been published. In a study by Vercruysse et al. 
(2012) screw speed did not have an effect on torque when screw speed was varying 
between 600 and 900 rpm. This was faster screw speed than used in the study by 
Dhenge et al. (2010) and Tan et al. (2011), which may explain the insensitivity to screw 
speeds effect as speeds were so fast that material was easy to convey and because of 
that, torque did not increase significantly. Concluding, when powder feed rate is high 
and screw speed is low, fill rate of the barrel is higher and torque increases (Kumar et 
al. 2014a).  
 
2.3.3 Particle size distribution of unmilled granules  
 
Particle size distribution (PSD) of twin screw granules is typically broad and bimodal 
having two peaks in distribution (Figure 12) (Dhenge et al. 2010: Lee et al. 2013; 
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Vercruysse et al. 2015a). In other words, a fraction of fines usually referred as 
ungranulated particles and larger granules can be seen in the PSD. Fines are defined 
differently depending on article but usually they are in a range of being particles smaller 
than 125 to 150 μm (Djuric and Kleinebudde 2010; Vercruysse et al. 2015a). Granules 
over 1250 μm to 1400 µm are usually regarded as oversized granules. Problem with 
broad PSD is the risk for particle segregation during subsequent process steps, for 
example tablet compression (Vercruysse et al. 2015a). This may lead to uneven drug 
distribution in dosage forms. Suitable particle size for tablet compression purposes is 
usually below 1000 μm and preferably in between 150 - 1000 μm.  
 
 
Figure 12. Particle size distributions of unmilled twin screw granules (TSE) and high 
shear granules (HSM) (Lee et al. 2013).  
 
 
Particle size distribution affects both on granule and tablet properties like granule 
friability, flow properties and granule bulk density as well as on tablet compression and 
tablet weight variation, dissolution rate and porosity (Kumar et al. 2013). Granules can 
be dry milled after granulation but milling results in fine particle generation from larger 
granules (Vercruysse et al. 2015a). Because of this, it is important to create ways to 
control the particle size already in the twin screw process rather than only trust in the 
milling after it. However, it seems like bimodality is a property of twin screw 
granulation and for example ConsiGma25 line includes a dry mill (Vercruysse et al. 
2014). Milling parameters, for example milling speed and mill screen size, can be 
varied and suitable process window can be obtained. In most of the published studies, 
dry milling has not been conducted. 
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The reason for the observed bimodality has not been fully explained. It has been 
proposed to result from poor granulation liquid distribution into the solid material (Beer 
et al. 2014). When the amount of the liquid increases, the bimodality of the PSD 
decreases as there is more liquid wetting the solid material thus decreasing the amount 
of ungranulated material. In twin screw granulation, liquid is dropped onto the powder 
instead of spraying, which is typically used in high shear granulation. Spraying of the 
liquid could potentially improve the liquid distribution in twin screw granulation as 
well. However, Vercruysse et al. (2014) observed that when liquid distribution was 
enhanced with adding more kneading elements, particle size distribution of unmilled 
granules was still bimodal. Their conclusion was that the effectiveness of the 
distribution of liquid into the solid material does not have an effect on particle size 
distributions modality.  
 
2.3.3.1 Effect of powder feed rate on particle size distribution 
 
Increasing feed rate has an effect on granule properties (Djuric and Kleinebudde 2010). 
When only conveying elements are used in screw configuration, the amount of fines and 
oversized agglomerates increases as powder feed rate increases. This is because of poor 
granulation liquid distribution when kneading elements are not in place to mix the 
material (Djuric and Kleinebudde 2010; Dhenge et al. 2013). In this case, when more 
powder is fed to the barrel, distribution is even poorer (Djuric and Kleiunebudde 2010). 
When adding kneading elements and increasing powder feed rate, less fines and more 
oversized agglomerates results. Kneading elements reduce material flow and thus binder 
has more time to act and form larger agglomerates. However, there is also another view 
on the effect of powder feed rate. As powder feed rate increases, torque increases 
indicating higher compaction forces (Dhenge et al. 2010). Because of this, smaller 
granules and less oversized granules result (Dhenge et al. 2010; Dhenge et al. 2011, 
Dhenge et al. 2013). The residence time in the barrel decreases as powder feed rate 
increases (Dhenge et al. 2010). This leads to formation of more fines in higher powder 
feed rate when particles have less time to interact.  
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There are also results in the literature where powder feed rate did not have an effect. For 
example, Vercruysse et al. (2012) did not see any effect of powder feed rate on granule 
size even though it had an effect on torque value. Also Kumar et al. (2014a) did not see 
an effect of increasing powder feed rate unless the L/S ratio was simultaneously 
increasing. Concluding, the effect of powder feed rate on PSD is complex and seems to 
vary when different equipment and formulations are used.  
 
2.3.3.2 Effect of screw speed on particle size distribution  
 
The effect of screw speed on particle size seems to vary. In the study by Lee et al. 
(2013) screw speed was shown to have an effect only when L/S ratio was high. Granule 
size was decreasing as screw speed was increasing. At lower L/S ratios, however, screw 
speed did not have an effect. Other studies have shown similar results being that screw 
speed does not to have an effect on particle size distribution (Dhenge et al. 2010; 
Vercruysse et al. 2012). Kumar et al. (2014a) on the contrary showed that more 
oversized granules was generated as screw speed decreased. Also Dhenge et al. (2010) 
observed that screw speed may have some effect on granule size being that decreasing 
screw speed result in decreased amount of fines and increased amount of oversized 
granules due to longer residence time. Concluding, also the effect of screw speed on 
PSD is complex and seems to vary when different equipment and formulations are used.  
 
2.3.3.3 Effect of barrel fill rate on particle size distribution 
 
Mass in the barrel at steady state conditions can be calculated by multiplying mass flow 
rate with passage time (Kleinebudde and Lindner 1993). The bigger the mass flow and 
longer the residence time, the more mass in the barrel. It is difficult to observe the fill 
degree of the barrel especially if it cannot be seen inside the barrel as is the case with 
ConsiGma25. 
 
Fill rate of the barrel do not have an effect on the function of mixing elements because 
they are in every case working filled with material (Thompson and Sun 2010). 
However, when barrel is less filled with material and only conveying elements are in 
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use, the resulting material has larger fraction of fines and smaller fraction of oversized 
particles. When using also kneading elements, the fraction of fines decreases and 
fraction of large particles increases when barrel is more filled with material. 
 
2.3.3.4 Effect of L/S ratio on particle size distribution  
 
When it comes to L/S ratio and thus the amount of liquid, published studies show good 
agreement with each other. Particle size distribution of granules seems to become more 
unimodal when L/S ratio is increased (Figure 13) (Lee et al. 2013). When the L/S ratio 
is small, the distribution is multimodal, when L/S is little higher, it is bimodal and when 
the L/S ratio is high, the distribution is unimodal. In other words, the larger the L/S 
ratio, the more unimodal and narrower the particle size distribution becomes (Dhenge et 
al. 2010; El Hagrasy et al. 2013; Lee et al. 2013; Vercruysse et al. 2015a). When L/S 
ratio increases, more liquid is added and increased area of powder is in contact with 
liquid forming larger nuclei (Dhenge et al. 2012a; Vercruysse et al. 2015a). Enhanced 
wetting and nucleation leads to granules growing larger (Dhenge et al. 2012a; Kumar et 
al. 2014a; Vercruysse et al. 2015a). Increasing L/S ratio leads to formation of larger 
particles and reduced amount of fines (Dhenge et al. 2010; El Hagrasy et al. 2013; Lee 
et al. 2013; Kumar et al. 2014a; Vercruysse et al. 2015a). This is discussed to be due to 
increasing residence time as there is more time for material to interact and more time for 
fines to adhere to larger granules (Dhenge et al. 2010). Finally, L/S ratio increases the 
amount of large particles also after dry milling (Beer et al. 2014).  
 
 
Figure 13. Particle size distribution of twin screw granules with different L/S ratios (Lee 
et al. 2013). 
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Even though particle size distribution seems to become unimodal when L/S ratio is 
increased, increased particle size results in problems with tablet compression because 
particles are too large for tabletting purposes (Vercruysse et al. 2015a). This is why the 
modality of granule size distribution is problematic. It seems to be difficult to produce 
suitable sized granules with unimodal particle size distribution because the granules 
come clumpy and do not have suitable particle size for tablet compression purposes in 
large L/S ratios where the particle size distribution is likely to be unimodal.  
 
2.3.3.5 Effect of screw configuration on particle size distribution 
 
Increasing the number of kneading elements results in more homogeneous mixing 
between solid and liquid (Vercruysse et al. 2012). The longer is the kneading section, 
the better is the distribution (Vercruysse et al. 2015a). This leads to formation of larger 
granules and thus increased fraction of oversized granules and decreased fraction of 
fines (Vercruysse et al. 2012; Kumar et al. 2014a; Vercruysse et al. 2015a). On the 
contrary, when using only conveying elements, resulting PSD is multimodal having a 
larger fraction of fines and only a small fraction of oversized granules. This is due to 
poor liquid distribution (Vercruysse et al. 2015a). Liquid is thus distributed based on 
particle size and the largest particles get more of it. The reason why liquid is distributed 
mostly on larger granules is that these largest granules are formed from large nuclei 
resulting from the liquid spreading only for minor areas and not distributed by 
kneading. Adding conveying element after last kneading zone reduces the amount of 
oversized granules and increases the yield of granules with desired particle size (Van 
Melkebeke et al. 2008).  
 
Vercruysse et al. (2015a) studied the effect of another kind of mixing elements, screw 
mixing elements (SME) and tooth mixing elements (TME) on particle size distribution. 
When SMEs were used, particle size distribution was narrower as a result and when 
combined with kneading elements, the fraction of desired sized granules increased. 
TMEs decreased the amount of fines and oversized granules depending on the amount 
of the elements.   
 
28 
 
2.3.3.6 Effect of temperature on particle size distribution 
 
When increasing barrel temperature, the amount of fines decreases and oversized 
granules increases (Vercruysse et al. 2012). When temperature increases, more solids 
dissolve into the granulation liquid and form more solid bridges with another granules 
thus resulting in larger granules.  
 
2.3.3.7 Effect of granulation liquid and binder addition on particle size distribution 
 
Possible inhomogeneous distribution of binder needs to be taken into consideration 
when assessing the bimodal particle size distribution (Fonteyne et al. 2014b). The 
residence time in the barrel is short and thus interaction between powder, binder and 
liquid is also short. Fonteyne et al. (2014b) proposed that “binder-rich areas” are 
forming and this uneven distribution could be the reason for bimodal particle size 
distribution of granules. However, they showed in their study that binder-rich areas 
were not formed either when granulating with dry binder or binder solution. Result 
showed that binder was actually homogeneously distributed.   
 
When the binder is in liquid form, granulation is more effective because of the residence 
time in the barrel is so short (Vercruysse et al. 2012). When binder is already 
solubilized into liquid, binding efficiency increases (El Hagrasy et al. 2013). When 
increasing the amount of binder, fraction of fines decreases and the amount of larger 
particles increases leading to narrower particle size distribution (Thompson and Sun 
2010; El Hagrasy et al. 2013). Adding granulation liquid in a form of foam has also 
been studied (Thompson et al. 2012). As granulation liquid is added as foam, it is more 
homogeneously distributed to the solid when compared to dropping that is usually done. 
Dhenge et al. (2012b) studied what happens when only water is used as a granulation 
liquid with no binder in formulation. This resulted in bimodal particle size distribution. 
It turned more unimodal when L/S ratio was increased. The same phenomenon was 
noticed when binder was used; particle size was increasing with increasing binder 
amount.  
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Granulation liquid viscosity plays also a role depending on screw configuration (Keleb 
et al. 2004b; Dhenge et al. 2013). As the amount of binder and thus viscosity of 
granulation liquid decreases, less fines and increased amount of larger particles results 
(Dhenge et al. 2013). It was discussed to be because of more difficult penetration of 
liquid into powder when liquid has higher viscosity. This was the case as only 
conveying elements were used in screw configuration and no efficient kneading of the 
mass existed. Keleb et al. (2004b) used kneading elements in the screw configuration 
and as the amount of binder in granulation liquid was increased, less fines and more 
oversized granules resulted. Differentiating results were explained by the kneading of 
the mass resulting in better distribution of the granulation liquid in the study by Keleb et 
al. (2004b).  
 
2.3.3.8 Effect of milling on particle size distribution 
 
When granules are dry milled, the amount of fines increases and the amount of 
oversized granules decreases leading to more suitable granules for tablet compression 
purposes (Vercruysse et al. 2012; Vercruysse et al. 2015a). A faster the milling speed 
results in more fine granules. However, Kumar et al. (2013) did not get any significant 
difference in particle size when milling speed was varied. In these two studies, the same 
mill was used. Kumar et al. (2013) were varying mill speed in the range from 650 to 
2000 rpm and Vercruysse et al. (2015a) in the range from 300 to 3000 rpm. The range 
in the study by Vercruysse et al. (2015a) was wider which may have contributed to see 
the effect of milling on the amount of fines more efficiently. 
  
Particle size distribution seems to be bimodal even after milling (Tan et al. 2011; 
Vercruysse et al. 2013; Beer et al. 2014; Kyssä 2015). In published studies, usually 
screens over 1 mm have been used but for example Kumar et al. (2013) got bimodal 
particle size distribution after using screen size of 850 µm. It seems like the milling step 
itself is not the answer to bimodal particle size distribution but also parameters need to 
be optimized during granulation step.  
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2.3.4 Shape, porosity and mechanical properties of unmilled granules 
 
Twin screw granules are elongated and porous when compared to spherical, smoother 
and denser high shear granules (Figure 14) (Lee et al. 2013). This porous nature of twin 
screw granules is also reflected in granule strength as they are weaker than high shear 
granules. The smallest granules can be quite round and homogeneous when it comes to 
shape (Fonteyne et al. 2014a). When particle size is increasing, granules tend to become 
more elongated and the largest twin screw granules are usually varying in shape and do 
not show round structure (Fonteyne et al. 2014a; Kumar et al. 2014a). This is proposed 
to result from the fact that in the barrel there is not that much open space, volume is 
restricted, but high shear exists (Beer et al. 2014; Kumar et al. 2014a). This means that 
the shape of the granules is forming in the twin screw granulator based on available 
volume (Beer et al. 2014).  
 
A.               B. 
 
Figure 14. Scanning electron microscopy picture of high shear granules (A.) and twin 
screw granules (B.) of microcrystalline cellulose (Lee et al. 2013).  
 
 
Granule porosity is decreasing as material is transported forward in the screws (Dhenge 
et al. 2011). For example, at the liquid addition point granules are large and porous but 
they become denser when moving along the screws. The same is true with the surface 
roughness of granules as it smoothens along the screws. Based on the densification, 
granules are strongest in kneading elements and weakest at conveying elements (Djuric 
and Kleinebudde 2010).  
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2.3.4.1 Effect of powder feed rate and screw speed on granule properties 
 
With low powder feed rate, throughput pressure is low and elongated granules are 
formed (Dhenge et al. 2010). With higher feed rate, granules are more regular and round 
in shape because of higher throughput pressure. Higher barrel fill rate results also in 
more shearing of granules (Dhenge et al. 2010; Dhenge et al. 2013). In the study by 
Dhenge et al. (2010), shape of the granules was observed to be more elongated with 
increasing screw speed.  
 
Increasing feed rate results in stronger granules (Dhenge et al. 2010; Dhenge et al. 
2011). Produced granules are stronger also when the fill degree of the barrel is increased 
(Djuric and Kleinebudde 2010). This is due to better densification of the granules when 
more material exists inside the barrel. Porosity of the granules decreases in 
configurations with kneading elements when powder feed rate is increased (Djuric and 
Kleinebudde 2010; Dhenge et al. 2011). 
 
2.3.4.2 Effect of L/S ratio on granule properties 
 
When the amount of liquid is increased, more liquid bridges are formed between 
particles, which results in rounder and less porous granules (Dhenge et al. 2010; Dhenge 
et al. 2012b; El Hagrasy et al. 2013). Because of the increased tendency to form liquid 
bridges, the strength of the granules is improved as L/S ratio increases. 
 
2.3.4.3 Effect of screw configuration on granule properties 
 
The elongated structure of granules seems to decrease as the amount of kneading 
elements is increased (Kumar et al. 2014a). However, increasing amount of kneading 
elements also leads to more irregular shape of granules.  
 
Granule strength seems to correlate to the number of kneading elements (Vercruysse et 
al. 2012). This is because of the denser nature of granules when increasing the kneading 
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effect (Vercruysse et al. 2012; Beer et al. 2014). Residence time is increasing as the 
amount of kneading elements is increasing leaving more time for consolidation resulting 
in denser granules (Beer et al. 2014). Conveying elements produces granules with 
higher friabilities and thus weaker granules than kneading elements (Djuric and 
Kleinebudde 2008). 
 
2.3.4.4 Effect of binder on granule properties 
 
Granule porosity decreases as the amount of binder is increased because of a better 
binding of particles (Dhenge et al. 2013; El Hagrasy et al. 2013). When the amount of 
binder in granulation liquid is increased, granules become more spherical (Dhenge et al. 
2012b). There have also been differentiating results, Dhenge et al. (2013) observed that 
more binder resulted in less spherical granules. However, in their study, only conveying 
elements were used along the screws. When there were no kneading or other mixing 
elements to shear the mass, maybe the mass was just forming elongated structures when 
moving along the screws.  
 
Granules which are granulated with water without binder are more porous and weaker 
when compared to granules with binder in granulation liquid (Dhenge et al. 2012b). The 
strength of the granules increases when the amount of binder increased (Keleb et al. 
2004b; Dhenge et al. 2012b).  
 
2.3.5 Tablet properties 
 
2.3.5.1 Tensile strength 
 
The tensile strengths of the tablets compressed from twin screw granules are generally 
high and in many studies proved to be higher than of tablets manufactured from high 
shear granules (Keleb et al. 2004a; Djuric and Kleinebudde 2010; Tan et al. 2011; Lee 
et al. 2013; Kyssä 2015). This may be because of higher porosity of the twin screw 
granules (Lee et al. 2013). Other explanation is that weakest granules are broken down 
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during tablet compression and thus result in higher tensile strength of tablets. Also the 
irregular shape of granules may enhance granule interaction and bond creation and lead 
to formation of strong bonds. It has also been proposed that high tensile strengths results 
when compressing smaller granules (Tan et al. 2011). These granules have larger 
surface area to volume ratio and this leads to stronger bond formation in tablet 
compression. As discussed earlier (Section 2.3.3), particle size distribution of twin 
screw granules is usually broad. Because the larger amount of fines compared to high 
shear granules, one reason for the higher tensile strengths of twin screw tablets can be 
the fine particles forming stronger tablets. 
  
When concerning granulation parameters effect on tablet properties, some research have 
been published. The strength of tablets depends on screw configuration (Djuric and 
Kleinebudde 2008). Tensile strength decreases with increasing number of kneading 
elements in configuration (Vercruysse et al. 2012). This is a consequence of the 
increasing density with increasing number of kneading elements and thus poorer 
compaction capabilities. When only conveying elements are used, more porous granules 
result and this leads to higher tensile strengths of tablets (Djuric and Kleinebudde 
2008). As thinner kneading elements are used in configuration, tensile strength is higher 
(Van Melkebeke 2008). This may also be because less shearing and thus more porous 
structure of granules.  
 
The effect of L/S ratio is somewhat unclear and dependent on formulation. Lee et al. 
(2013), with microcrystalline cellulose as filler, showed that L/S ratio or screw speed 
did not have impact on tensile strength. Keleb et al. (2002), instead, observed that 
increasing L/S ratio during granulation process of lactose increased tensile strength. Tan 
et al. (2011) had a result that when the amount of granulation liquid was increased, 
tensile strength of tablets decreased. In the study by Tan et al. (2011), paracetamol 
(acetaminophen) was blended with different binders as a formulation.  
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2.3.5.2 Disintegration and dissolution 
 
There is somewhat varying results available in the literature concerning disintegration 
and dissolution properties of twin screw tablets and they seem to vary depending on the 
formulation used. Disintegration and dissolution seems to be really fast with tablets 
compressed from twin screw granules (Vercruysse et al. 2013; Vercruysse et al. 2015b). 
The strongest tablets with high tensile strengths disintegrate the slowest (Fonteyne et al. 
2014a). However, in the study by Beer et al. (2014), twin screw tablets had slower 
dissolution than high shear tablets. Tan et al. (2011) also showed that disintegration was 
slower with twin screw tablets compared to high shear tablets. In the study by Kumar et 
al. (2014a), disintegration time for twin screw tablets was faster. 
 
When increasing L/S ratio or the amount of kneading elements in screw configuration, 
dissolution time increases (Beer et al. 2014). Vercruysse et al. (2012) observed that the 
longer the kneading zones, the slower disintegration and dissolution because of the 
densification of granules. 
 
2.4 The aim of the study  
 
As discussed, particle size distribution of twin screw granules is typically bimodal. This 
may result in problems such as segregation in following process steps. Even though this 
does not automatically mean poor quality of tablets, the aim of this study was to 
optimize twin screw granulation process with ConsiGma25 to get suitable granules for 
tablet compression purposes. Dry milling has not been sufficiently studied in the area of 
twin screw granulation. It has also been shown that particle size distribution may be 
bimodal even after milling. Dry milling was studied as a way of optimizing particle size 
distribution.  
 
Aim of this study was also to produce tablets from twin screw granules and compare 
them to direct compressed tablets and high shear tablets of the same formulation. 
Tablets were evaluated against the requirements of European Pharmacopoeia and U.S 
Pharmacopoeia in order to see if they had sufficient quality.  
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In earlier master´ s thesis study by Kyssä (2015) flowability of formulation was a 
problem which affected the manufacturability. Continuous manufacturing requires good 
flow properties from formulation in order to be able to constantly feed more material to 
the process. This is why the aim of this study was to enhance flow properties by 
changing filler grades to larger particle size and thus get better manufacturability for 
continuous processing.  
 
In addition, more general aim of this study was to increase twin screw granulation 
process knowledge and gain more knowledge about the effects of process parameters on 
the resulting granules and tablets. 
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3  MATERIALS AND METHODS 
 
3.1 Design of experiments 
 
3.1.1 Granulation and milling 
  
Full factorial, 4
2
 central composite circumscribed design was created for granulation 
and milling (APPENDIX 1) (Figure 15). Four factors (screw speed, powder feed rate, 
L/S ratio and mill screen size) were varied at two levels with experiments N1   ̶  N16 
forming the basic cube of design. Extreme star points of every factor were included in 
the design in order to get more insight into value levels (N17  ̶  N22). Centre point was 
repeated three times (N27  ̶  N29). In addition, experiments with centre point 
granulation parameters were milled with different mill screen sizes to gain more 
knowledge of the effect of milling (N23  ̶  N26). L/S ratio used in the granulations was 
decided based on preliminary mixer torque rheometer analysis. 
 
 
Figure 15. Central composite circumscribed design of experiments for granulation 
(screw speed, powder feed rate and L/S ratio varied).  
 
 
3.1.1.1 Preliminary mixer torque rheometer analysis 
 
Mixer torque rheometer (MTR) multiple addition -analysis was carried out using Caleva 
Mixer torque rheometer (Caleva Ltd, England). It measures the torque of the shafts that 
mix powder in a vial before and after granulation liquid addition. The aim of the 
experiment was to find suitable L/S ratio area to be used in the granulation. Torque was 
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determined using two water addition speeds with the sample amount of 14 g in 125 ml 
vessel. Analysis was carried out with water addition of 0.05 (w/w) and 0.1 (w/w) every 
50 s until L/S ratio was 0.95 (w/w) and 1 (w/w) respectively. Shaft speed was 50 rpm. 
Test with liquid addition of 0.05 was carried out three times and with addition of 0.1 
twice. Mean torque was calculated.  
 
3.1.1.2 Preliminary granulation 
 
Preliminary granulation was carried out to evaluate differences in visual inspection of 
granules. Full factorial 3
2 
design of experiments was created (APPENDIX 3). When it 
came to L/S ratio, the centre point was not the actual centre point (0.44) but it was 0.4 
because the area where torque started to increase based on mixer torque rheometer 
analysis was thought more interesting.  
 
Experiment N12 was dried in fluid bed (Spiritus, AstraZeneca in house construction, 
Sweden) and milled with Quadro Comil U5 (Quadro engineering inc., Ontario, Canada) 
using different screen sizes and types to see the effect of milling. Round holed screens 
of sizes 813, 991 and 1397 µm and one round-holed grater screen of size 1 mm were 
used. For these granules from experiment N12, laser diffraction analysis (Mastersizer 
2000, Malvern Instruments Ltd, Malvern, UK) was carried out to evaluate particle size 
distribution. Other experiments were dried in room temperature and evaluated visually. 
 
From preliminary studies it was clear that dry milling was a way to get more unimodal 
particle size distribution and dry milling was set as a parameter in actual design. The 
area of L/S ratio was decided to be narrowed down for actual design.  
 
3.1.2 Tablet compression 
 
Fractional factorial design for tablet compression was designed meaning that tablet 
compression design was a part of granulation and milling design (APPENDIX 2).  Here, 
the same four factors were varied at two levels and centre point was repeated three 
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times. All the granulated experiments were from the basic cube of the granulation and 
milling design and none of the extreme points were compressed to tablets.  
 
3.2 Formulation 
 
Formulation was selected based on previous master´s thesis study by Kyssä (2015). It 
was optimized to have better flowability and hence having better manufacturability. 
Better flowability was achieved by changing the two major components, fillers, to 
larger particle size grade (Table 3). Mannitol grade was changed from Pearlitol 50C to 
Pearlitol 160C and microcrystalline cellulose from Avicel PH101 to Avicel PH102. 
Good flowability is essential in continuous processing because new material is feeded 
constantly. Ibuprofen was selected as a model active pharmaceutical ingredient because 
of the poor water solubility. Purified water was used as granulation liquid. 
 
Table 3. Formulation used in the study. Lubricant was added at final blending before 
tablet compression.  
 
3.3 Manufacturing process 
 
Mannitol and ibuprofen were sieved before blending to get rid of the lumps that would 
possibly had an effect on the powder mixing efficiency. Sieving was carried out using 
Frewitt GLT-0101 oscillating mill (Frewitt, Fribourgh, Switzerland) with screen size of 
Raw material w% Vendor  Role  
Ibuprofen 25 IOL Chemicals and pharmaceutical  
limited, India 
API 
Mannitol 
(Pearlitol 160C) 
34 Roquette, France Filler 
Microcrystalline 
cellulose  
(Avicel PH102) 
34 FMC BioPolymer, Ireland Filler 
Hydroxypropylcellulose 
(EXF Klucel ) 
3 Ashland Inc, United states Binder 
Croscarmellose sodium 
(Ac-Di-Sol) 
4 BioPolymer, Ireland Disintegrant 
Sodium stearyl fumarate  
(PRUV) 
1.5  Moehs, Spain Lubricant 
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1 mm and speed of 171 oscillations/min. After sieving, formulation was blended as 5 kg 
batches in an intermediate bulk container (IBC) of 20 l (Glatt GmbH, Binzen, 
Germany). Blending was carried out in Glatt TAM 160SF blender (Glatt GmbH, 
Binzen, Germany) with speed of 30 rpm for 30 min. 
 
3.3.1 Wet granulation 
 
Blended formulation was granulated with ConsiGma25 continuous twin screw 
granulator (GEA Pharma systems Collette, Wommelgem, Belgium) (Figure 16). As 
mentioned previously, ConsiGma granulation line consists of three units but only the 
feeder and twin screw granulator were used in this study. Twin screw granulator in 
ConsiGma25 is co-rotating with length to diameter ratio of 20:1 and 25 mm diameter 
screws. The same IBC as in the blending phase was used as container to refill 
formulation to the feeder. Feeder used was twin screw, loss-in-weight K-Tron feeder 
(LWF D5 Caperion, Lenzhardweg, Switzerland). Liquid addition nozzle of 1.6 mm was 
used to deliver granulation liquid to the barrel. It was situated so that water entered 
barrel in front of the first kneading zone (Figures 6 and 16). Water was pumped using 
peristaltic pump (Watson Marlow, Falmouth, UK). Two outlets in the nozzle ensured 
granulation liquid dropping to both screws. 
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A.                                          B. 
 
Figure 16. A.ConsiGma25 granulation unit with feeder and twin screw granulator and  
B. ConsiGma25 barrel with liquid addition nozzle attached (marked with an arrow). 
 
All granulations were conducted using standard screw configuration which refers to the 
configuration 6k6k meaning two kneading zones with 6 kneading elements in each and 
one 1.5D conveying element between and after them (Figures 5 and 17). Staggering 
angle between kneading disks was 60º and disks were set in a forwarding way. 
Temperature of the barrel was set to 25ºC. 
 
Figure 17. Screw configuration 6k6k with staggering angle of 60º. 
 
Automatic mode of granulation was used. After initiation of the granulation process, 
granule collecting was started after 1.5 min. As mentioned previously, usually 
collection of the granules is started in so called equilibrium conditions. In this case, due 
to the avoidance of excess material waste compared to the overall amount of material, it 
41 
 
was not done. After changing parameter values to collect new granules, 30 s was waited 
before collecting of granules was started. About 800 g of wet granules from every 
experiment was collected. Because of the large design, granulation was carried out in 
two separate days to ensure that all granules were dried in suitable time frame (max 2 
days from the granulation). Experiments with run order 1  ̶  16 were granulated first and 
after drying, rest of the experiments were granulated.  
 
Three batches of the same formulation were granulated in 4 l bowl high shear mixer 
(Diosna P-1/6, Diosna Dierks & Söhne GmbH, Osnabrück, Germany) using impeller 
speed of 500 rpm and chopper speed of 1500 rpm and about 500 g of powder blend. Dry 
mixing of 2 min was conducted followed by granulation liquid, purified water, addition 
within 5 min and wet mixing time of 2 min. Water was added as drops instead of 
spraying to the process using peristaltic pump (505U, Watson Marlow, Falmouth, UK). 
L/S ratio was the only process parameter varied batches having L/S ratio of 0.4 (HSG1), 
0.46 (HSG2) and 0.64 (HSG3). L/S ratio of 0.4 was tested being similar when compared 
to centre point L/S ratio in twin screw granulation. It has been shown that high shear 
granulation requires more granulation liquid compared to twin screw granulation (Tan 
et al. 2011; Beer et al. 2014; Kyssä 2015). This is why the same L/S ratios were not 
used in both granulation techniques. L/S ratio of 0.4 was observed to be too low for 
high shear granulation. This is why decision of varying the L/S ratio in broader area in 
high shear granulations was done. 
 
3.3.2 Drying 
 
Granules were dried in a fluid bed (Spiritus, AstraZeneca in house construction, 
Sweden) (Figure 18). Fluid bed was chosen as a drying method to best simulate the real 
ConsiGma conditions where the drying technology used is fluid bed. Drying was carried 
out with incoming air temperature of 60ºC and air flow of 25 m³/h. During drying of the 
first twin screw experiment, N24, air flow was 30 m³/h but it was lowered to the other 
dryings because of powder piling above the filter. Fluid bed was tempered at the 
beginning of the drying, heating it with the same temperature and air flow as in the real 
drying for 5 min. This was done to ensure uniform temperature in the fluid bed chamber 
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in every drying. However, chamber was opened after tempering to set granules in. 
Temperature of the inlet and outlet air was measured with temperature sensors. 
Temperature of powder bed was measured from two points in the fluid bed chamber.  
 
 
Figure 18. Spiritus fluid bed dryer. 
 
Drying end point was evaluated with outlet air temperature and temperature measured 
with two temperature sensors in the fluid bed chamber. In addition, loss on drying 
(LOD) analysis (Mettler Toledo Halogen moisture analyser HR73, Mettler Toledo Inc, 
Ohio, USA) was used to measure granule moisture content every 5 min. Temperature 
used in the LOD measurement was 105ºC. Target moisture content for dry granules was 
2  ̶  3% (w/w).  
 
When granules were regarded as dry, outgoing air temperature varied between 21.2 and 
29.3ºC and product temperature (measured with temperature sensors in fluid bed 
chamber) varied at the range of 22.5  ̶  32.9ºC. Final moisture content after drying was 
evaluated with LOD after removal of dried granules from dryer and varied in a range of 
0.93  ̶  4.28% . Drying time was 20  ̶  30 min being about 25 min for most of the 
experiments. Moisture content of the ungranulated, dry powder blend was also 
measured and the LOD value was 2%. 
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3.3.3 Dry milling 
 
Dried twin screw granules were milled with Quadro Comil U5 conical screen mill 
(Quadro engineering inc., Ontario, Canada) using round holed screens of five different 
screen sizes (screen openings 610, 813, 991, 1397 and 1575 µm) (Figure 19). Speed of 
the mill was set to 1500 rpm. Mill in the ConsiGma25 manufacturing line is Quadro 
Comil U10. Mill used was chosen to best mimic the conditions in the ConsiGma line. 
High shear granules were milled with same mill using only one mill screen size (991 
µm).  
 
 
Figure 19. Quadro Comil U5.  
 
3.3.4 Tablet compression 
 
Before tablet compression, lubricant, sodium stearyl fumarate (PRUV), was mixed to 
dried, milled granules. Before addition, it was sieved with 800 μm sieve to get rid of the 
lumps (Retch, Haan, Germany). Mixing was carried out using Turbula tumbling mixer 
(Turbula T2C, Willy A Bachofen AG Machinenfabrik, Basel, Switzerland) for 5 min 
with speed of 32 rpm. Tablets were compressed using eccentric Korsch EK0 tabletting 
machine (Korsch Machinenfabrik, Berlin, Germany) with 8 mm, round, concave 
punches and at a speed of 28 rpm. Wintab 2 (AstraZeneca in house) was used to control 
the forces and to collect data. Tablet target weight was 200 mg having 50 mg of API.  
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Tablet compression was carried out in three different force levels (5, 10 and 15 kN) to 
study tensile strength and compactibility. For other tablet tests (European and United 
states pharmacopoeial tests), tablets with tensile strength of 2 MPa were compressed. At 
this compression, compression force varied between 5.7 to 7.3 kN with the twin screw 
granules and was 14.1 kN in direct compression. Before collecting tablets, 5 tablets 
were regarded as waste. 
 
3.4 Analyses 
 
Besides analyzing granule and tablet properties, torque during granulation was 
automatically measured with built-in torque gauge in ConsiGma25. This was done to 
get information about the stability of the process and to see how process was 
equilibrating after parameter changes.  
 
3.4.1 Scanning electron microscopy  
 
Scanning electron microscopy (SEM) analysis (Quanta 200, Fei Company, Hillsboro, 
USA) was carried out to learn more about the shape and structure of the unmilled twin 
screw granules. For the support of granule analysis, raw materials were imaged too. 
Unmilled granules of experiments N19, N20, N21, N22 and N23 were analysed. The 
largest granules were challenging to measure because of charging. This is why the 
analysis was carried out mostly to study the structure of the smaller granules.  
 
Samples were coated with gold using 20 mA gold flow (Cressington sputter coater 108 
Auto, Watford, England). Coating was carried out twice for 200 s. In SEM analysis, 
split size used was 4.5 mm and voltage was 15 kV. Every sample was imaged with 
enlargement factor of 25, 100 and 300.  
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3.4.2 Particle size distribution analysis 
 
Particle size distributions were measured with two different technologies; laser 
diffraction and dynamic image analysis. In addition of detecting median value of 
particle size (d50), 10% fractile (d10) and 90% fractile (d90) of particle size were 
detected and based on these, width (span) of distribution was calculated (Equation 1). 
When considering particle size, particles under 50 µm were regarded as fines, 
ungranulated material and granules over 1000 µm as oversized being too large for tablet 
compression.  
 
                                            
(d90−d10)
d50
                              (Equation 1)  
 
3.4.2.1 Laser diffraction 
 
Particle size distribution of unlubricated milled granules (both twin screw granules and 
high shear granules) and unlubricated, ungranulated powder blend was measured with 
Mastersizer 2000 (Malvern Instruments Ltd, Malvern, UK). Unmilled twin screw 
granules were too large to be measured (Mastersizer 2000 measures particle size up to 
2000 µm). Mastersizer is a laser diffractor measuring angular changes in intensity of 
scattered laser light as it moves across particles. To disperse particles, air pressure is 
used. Small particles scatter light with bigger angles and other way around. Laser 
diffraction predicts particle size by assuming all the particles round and represents 
particle size by diameter of corresponding round particle with same volume. 
 
Analysis was carried out using sample size of 5 ml and small volume mode. Vibration 
was chosen to be 20% and dispersing air pressure 0.1 bar. Measuring time was 20 s. 
Usually, the goal is to achieve a suitable obscuration to maximise the signal to noise 
ratio (Köhler et al. 2007). Obscuration varied from 1.1% to 1.6%. Measurement was 
carried out three times. Mastersizer reports particle size with 100 measuring points and 
results are presented either as cumulative or volume distribution. Results were detected 
using Mastersizer 2000 software. 
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3.4.2.2 Dynamic image analysis 
 
Particle size distribution of twin screw unmilled granules, unlubricated milled granules 
from twin screw granulation and high shear granulation and unlubricated, ungranulated 
powder blend was measured with QicPic (SympaTec, Clausthal-Zellerfeld, Germany). 
Measurement for unmilled granules was conducted to the experiments N1  ̶  N8 and 
N17  ̶  23. One representative experiment was measured from the experiments 
granulated with certain granulation parameters. This was done to see whether particle 
size distributions were bimodal before milling. All of the experiments were measured 
after milling. Optical concentration stayed all the time below 1%, which was regarded 
suitable. 
 
QicPic has a high speed camera to take pictures of the moving particles. Analysis was 
carried out with Vibri L particle feeder and Gradis particle dispersing system. Gradis 
dispersing technique is based on particle segregation via gravity. Sample size in all of 
the measurements was 5 ml and feeder vibration was 30%. Measurements were carried 
out using the particle size measuring range of 10  ̶  3410 μm, frame rate 450 Hz and 
drop height 50 cm. Measurement was carried out until optical concentration (Copt ) had 
been 15 s under 0.01% or after 600 s. In practise, none of the measurements took 600 s. 
Gap width means the width powder is passing through from the feeder funnel to the 
vibration tray. Outlet width refers to the width particles are coming through to camera 
after gravitational dispersion. In other words, it is the width of the nozzle. For unmilled 
granules, gap width was set to be 4 mm and outlet width 4 mm. For milled granules and 
ungranulated powder blend gap width stayed the same but outlet width was set to 2 mm. 
This change in nozzle size was done to enhance the separation of the granules before 
imaging. Measurements were repeated three times or four times if results showed 
variability.  
 
QicPic reports particle size with 32 measuring point. Particle size was chosen to be 
measured as equivalent projected circle value (EQPC) to be best comparable with laser 
diffraction method. EQPC means that particle size is reported as a diameter that 
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corresponds to circle particle having same area as the projection area of a particle. 
Results of the analysis were detected using Windox 5.7.0.1 software.  
 
3.4.3 Flowability 
 
3.4.3.1 Ring shear cell 
 
Ring shear cell analysis (Ring shear tester RST- XS, Dietmar Schulze, Wolfenbüttel, 
Germany) was performed to lubricated twin screw granules (experiments N2, N14 and 
N28), lubricated powder blend and lubricated high shear granules (HSG1 and HSG2). 
Sample with even surface was prepared to 30 ml -shear cell with bottom ring. After 
filling of the cell, it was placed on a mounting stand and lid was placed on it. Loading 
rod and tie rods were attached to the lid. Standard method with 4 kPa pre-consolidation 
stress and 1, 1.4, 2 and 2.6 kPa normal stresses to shear the sample to failure was used. 
Analysis was carried out three times for all of the samples despite experiment N14, 
which was measured two times due to the lack of material. Software determined ffc-
value automatically after measurements. Ffc value is the ratio between consolidation 
stress and yield strength and larger value indicates better flow (Schulze 2006).  
 
3.4.3.2 Mass flow  
 
Flow properties of lubricated powder blend and lubricated, milled twin screw granules 
for tablet compression were measured with Erweka GT mass flow meter (Erweka 
GmbH, Hammelstamm, Germany). This was done by using 15 mm opening, 5 s 
measuring time and stirrer speed 2. This method with stirrer is a standard and it was 
used to be able to compare results with previous measurements. Measurement was 
repeated four times and average flowability (g/s) was calculated.  
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3.4.3.3 Bulk and tapped density 
 
Bulk and tapped density were measured from lubricated powder blend and lubricated, 
milled twin screw granules to be compressed to tablets. Bulk and tapped density were 
measured using European pharmacopoeia method (European pharmacopoeia 7.0: 
2.9.34. Bulk density and tapped density of powders). Tests were only carried out once.  
Bulk volume (V0) was measured by pouring weighted 35 g sample via funnel to 
graduated 100 ml cylinder attached to a stand in about 45º angle. After this, cylinder 
was detached from the stand and surface was carefully flattened with spoon. After this, 
volume was read and combining volume V0 and weight, bulk density was calculated. 
The same sample and cylinder was used to measure tapped density. It was placed on a 
tapping device (Erweka SVM12, Erweka GmbH, Hammelstamm, Germany) and tapped 
for 10, 500 and 1250 taps. Tapping was however continued with another 1250 taps 
whether the change in the volume between 500 and 1250 taps was over 1 ml. Using the 
mass of the sample and tapped volume (Vf), tapped density was calculated.  
 
Using the data from bulk and tapped density tests, compressibility index (Carr´s index) 
and Hausner ratio were calculated based on European pharmacopoeia equations 
(Equations 2 and 3) (European pharmacopoeia 7.0: 2.9.34. Bulk and tapped density of 
powders). When powder flows poorly, there is more difference in the bulk and tapped 
density as when the flowability is good.  
 
Compressibility index: 
 
                                                 
100 (𝑉0− 𝑉𝑓)
𝑉0
                                          (Equation 2) 
 
Hausner Ratio:   
                                                              
𝑉0
𝑉𝑓
                               (Equation 3) 
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3.4.4 Tablet tests 
 
To evaluate the quality of tablets, United States pharmacopoeial (U.S Pharmacopoeia) 
test of dissolution and European pharmacopoeial tests of friability, uniformity of mass, 
uniformity of content and disintegration were conducted with twin screw tablets and 
direct compressed tablets having 2 MPa tensile strength. Tensile strength and 
compactibility tests were done to tablets compressed with different compression force  
levels to twin screw tablets, high shear tablets and direct compressed tablets. 
 
3.4.4.1 Tensile strength and compactibility 
 
Erweka multicheck (Turbo 3, Erweka GmbH, Hammelstamm, Germany) was used to 
measure 20 tablets of twin screw tablets and direct compressed tablets and 10 high shear 
tablets of every compression force level (5, 10 and 15 kN). Results were detected with 
Erweka Multicheck 5.8.0 software. Using AstraZeneca in house macro for analysis, 
tensile strengths were calculated (Equation 4). From the parameters in tensile strength 
calculation, Erweka multicheck measures tablet diameter (D), tablet thickness (H) and 
breaking force (BF). Punch cup depth (Hcup) is a standard for every punch type. 
 
     𝑇𝑆𝑟𝑜𝑢𝑛𝑑,𝑐𝑢𝑟𝑣𝑒𝑑 =
10 𝐵𝐹
𝜋𝐷2(2.84
𝐻
𝐷
 −0.126 
𝐻
(𝐻−2𝐻𝑐𝑢𝑝)
+ 3.15 
𝐻−2𝐻𝑐𝑢𝑝
𝐷
+0.01)
   (Equation 4) 
 
Compactibility of the granules was evaluated plotting compaction pressure and tensile 
strength. Compaction pressure (CP) was calculated using the Equation 5 using 
compression force (CF) and tablet cross-sectional area (CSAtablet). Tablet cross-sectional 
area was 50.27 mm
2
 for the 8 mm, round, convex tablets. 
 
     𝐶𝑃 =
𝐶𝐹
𝐶𝑆𝐴𝑡𝑎𝑏𝑙𝑒𝑡
                                     (Equation 5) 
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 3.4.4.2 Friability 
 
Test of friability was carried out according to European pharmacopoeia (European 
pharmacopoeia 7.0: 2.9.7. Friability of uncoated tablets). Test was carried out in a 
friabilator (PharmaTest PTF R, Pharma Test Apperatebau AG, Hainburg, Germany) 
with speed of 25 rpm. Instead of measuring 6.5 g of tablets, 20 tablets from each twin 
screw experiment and direct compressed tablets weighing about 4 g were measured. 
Tablets were first carefully brushed and weighed. After this, they were rotated 100 
rounds in the friabilator. After test, tablets were weighed again and friability percentage 
was calculated.  
 
3.4.4.3 Uniformity of mass  
 
Uniformity of mass test was conducted to 20 tablets from every twin screw experiment 
and direct compressed tablets according to European pharmacopoeia (European 
pharmacopoeia 7.0: 2.9.5. Uniformity of mass of single-dose preparations). Average 
mass of each experiment was calculated.  
 
3.4.4.4 Uniformity of content  
 
Uniformity of the ibuprofen content in twin screw tablets and direct compressed tablets 
was measured according to European pharmacopoeia using transmission Raman 
spectroscopy and ultraviolet (UV) spectrophotometry as appropriate analytical methods 
(European pharmacopoeia 7.0: 2.9.6. Uniformity of content of single-dose 
preparations). Raman spectroscopy was used to measure the tablets and UV 
spectrophotometry was used as a standard for Raman measurements. Test was carried 
out for 10 tablets from every experiment. Tablets were chosen randomly from the 
tablets compressed to have 2 MPa tensile strenght. First, tablets were weighed and after 
that measured with transmission Raman spectroscope (Horiba Jobin Yvon Accura 
transmission Raman, Horiba Jobin Yvon, Villeneuve d´Ascq, France) using laser 
wavelength of 784.95 nm. Every tablet was measured with Raman for 12 s and 15 
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aqcuisitions. The Raman spectra were pre-treated with first derivatives, window 91 and 
cubic fitting, followed by SNV (standard normal variate) analysis. 
 
Of all the 120 tablets measured with Raman, nine tablets were selected to be measured 
with UV spectrophotometry to cover as wide concentration range as possible. These 
tablets were dissolved in 200 ml phosphate buffer (pH 7.2) in measuring glass and 
stirred over night. After this, 5 ml of the solution was diluted to 25 ml with buffer in 
measuring glass. UV spectrophotometric analysis was carried out using wavelength of 
221 nm and 1 cm cuvette (Cary UV 50 Bio UV-Vis spectrophotometer, Varian Inc, 
Mulgrave, Australia). Wavelength for the measurements was chosen based on 
absorbance curve of ibuprofen dissolved in phosphate buffer measured at the 
wavelength area of 200  ̶  800 nm. It was also tested that excipients did not absorb at 
this same wavelength. As a standard solution, known amount of ibuprofen was 
dissolved in buffer solution (11.18 mg in 200 ml phosphate buffer pH 7.2). With this 
standard solution, the ibuprofen contents of the nine selected reference tablets were 
calculated. This reference data was used to construct an OPLS (orthogonal projections 
to latent structures) model using Raman spectra as the X matrix (Simca 13.0, Umetrics 
MKS AB, Umeå, Sweden). This model was then used to predict the concentration in all 
120 tablets. 
 
Based on the results, acceptance value was calculated and limit under 15% was used as 
acceptable result according to European pharmacopoeia.  
 
3.4.4.5 Disintegration 
 
Disintegration test was carried out according to European pharmacopoeia (European 
pharmacopoeia 7.0: 2.9.1 Disintegration of tablets and capsules). From every twin 
screw tablet experiment and direct compressed tablets, 6 tablets were evaluated with 
basket-rack assembly (Erweka ZT32, Erweka GmbH, Hausenstamm, Germany). As 
disintegration media, 750 ml of purified water was used. Temperature of the water bath 
was set to 37ºC. Disintegration test was initiated when disintegration liquid reached 
suitable temperature of 37±0.5ºC.  Basket rack assembly moved 31 cycles in a minute 
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and disks were used over tablets in tubes. Time to disintegration was measured by 
visual evaluation. Tablets were regarded to be disintegrated when the hard core of the 
tablet did no longer exist.  
 
3.4.4.6 Dissolution 
 
Dissolution test for twin screw tablets and direct compressed tablets was conducted 
based on U.S Pharmacopoeia (U.S Pharmacopoeia: Monographs: Ibuprofen tablets; U.S 
Pharmacopoeia: 711. Dissolution). Paddle apparatus was used with paddle speed of 50 
rpm. UV-Vis spectrophotometric analysis (Agilent 8453, Agilent technologies, Santa 
Clara, USA) of two known concentrations of ibuprofen (11.8 g/ 200 ml and 50% of this) 
and pure dissolution media (0% ibuprofen) were carried out to use as standard solutions 
in dissolution analysis. The highest concentration used as standard solution was selected 
to correspond concentration of one ibuprofen tablet in 900 ml of buffer (50 mg/ 900 
ml). In spectrophotometric analysis, wavelength of 221 nm was used.  
 
U.S Pharmacopoeia recommends phosphate buffer pH 7.2 to be used as dissolution 
media. Instead of this, phosphate buffer pH 7.4 was used. However, standard solutions 
were prepared using phosphate buffer pH 7.2. This was done due to practical reasons 
because only concentrate of phosphate buffer 7.4 was available. Standard solutions were 
also used in content uniformity analysis and because of this, they had buffer pH 7.2 as 
media. Dissolution expert was consulted and it was decided that standards with slightly 
differentiating pH could be used. The amount of buffer was 900 ml.  
 
Automatic Sotax Smart CP7 (Sotax AG, Basel, Switzerland) dissolution equipment was 
used. Samples were automatically taken every 2.5 min for the first 30 min and after that 
one sample after 15 min was taken. In total, dissolution tests duration was 45 min. 
Samples were automatically analysed with UV spectrophotometer using 1 cm cuvette. 
U.S Pharmacopoeia recommends 6 tablets to be measured but only 3 tablets were 
measured.  
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3.5 Data analysis  
 
 
Modelling of gained data from analyses was carried out with MODDE 10 and 11 
softwares (Umetrics MKS AB, Umeå, Sweden). Data concerning used variables and 
their effect and interactions on response variables were analysed with linear regression 
analysis using confidence level of 95%. Abbreviations used in MODDE models are 
represented in Table 4. R
2
 means coefficient of determination and tells how the model 
fits the data. Q
2
 is quality factor and tells how the model predicts new data. The closer 
they are to 1, the more reliable and predictive the model is. Evaluation of twin screw 
granules and tablets against high shear granules and tablets was not the most important 
topic of this study. This is why high shear granule and tablet properties were not further 
modelled with regression analysis.  
One-way analysis of variance was conducted in Excel using Analyse-it software version 
2.14 (Analyse-it Software Ltd., Leeds, UK). Pairwise comparison of experiments with 
95% confidence interval was carried out using Bonferonni contrast.  
  
Table 4. Abbreviations used in MODDE models.    
 
 
  
MODDE 
abbreviation 
Parameter 
Pow Powder feed rate (kg/h) 
Scr Screw speed (rpm) 
L/S L/S ratio (w/w) 
Mil Mill screen size (µm) 
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4  RESULTS AND DISCUSSION 
 
4.1 Preliminary mixer torque rheometer analysis 
 
As can be seen from Figure 20, no big differences were observed between water 
addition rates when it came to torque. Torque began to increase after the L/S ratio of 0.4 
and was at the maximum in the L/S ratio of about 0.7 with water addition of 0.1 and 
from about 0.7 to 0.8 with water addition of 0.05.  
 
Figure 20. Liquid saturation curve from MTR analysis with two water addition rates. 
 
 
What happens in the mixer torque analysis is that after every liquid addition, powder is 
more and more moist and cohesive (Alleva and Schwartz 1986). The cohesivity of the 
powder is increasing from the pendular agglomerate phase to the capillary agglomerate 
phase until all the inter- and intraparticulate pores are saturated with liquid. This results 
in an increased resistance to material flow which results in a higher torque value 
(Chatlapalli and Rohera 1998). These variabilities in torque as the liquid saturation 
varies are presented in Figure 21. After first water additions, powder started to wet and 
possibly formed some granulation nuclei. As can be seen from Figure 20, torque was 
still low and only a little bit or not at all increased. Little by little, pendular 
agglomerates were formed. As stronger granules (in funicular and capillary phase) were 
formed, torque increased and reached the top when the agglomerates were in capillary 
phase. After capillary phase, agglomerates were in droplet phase. This resulted in a 
decreased strength and thus decreased torque value.  
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= Mean torque 
 
 
 
Figure 21. Agglomeration phases as the liquid amount increases (Parker et al. 1990).  
 
 
Based on the results, L/S ratio was set to vary between 0.35 to 0.55 (w/w) in the 
preliminary design. The capillary phase was not desired and the L/S used in the study 
was rather selected from the phase where the torque began to grow. Granules at 
maximum torque values are too wet for granulation to form tablets but suitable for 
extrusion (Parker et al. 1990).  
 
4.2 Torque during granulation 
 
As can be seen from Figures 22 and 23, torque stayed quite stable between parameter 
changes. When granulation parameters were changed (screw speed, powder feed rate or 
liquid feed rate), clear changes in torque were observed. In published studied this has 
been explained by varying shear forces that material is experiencing (Dhenge et al. 
2010; Vercruysse et al. 2013; Kumar et al. 2014a). Different parameter settings had thus 
an effect on particle packing. Because of quick stabilization of torque after parameter 
changes, process equilibrated quickly. Because of this, granules could be collected 
quickly, in about 30 s after changing parameters and the amount of waste material was 
thus not excessive.  
 
Even at the first experiment granulation, torque stayed stable (Figure 22). This meant 
that layering of the barrel with wet material was fast. During collecting the first 
experiments (N1 and N9) variation in torque value was the highest having relative 
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standard deviation (RSD%) of 14.6% (APPENDIX 4). However, the first experiments 
collected in the second granulation (N18 and N28) had RSD% of 6.9% and 11.3% 
respectively. This was probably because at second granulation, barrel was already 
layered with material as was not the case in first granulation. 
 
As can be seen in Figure 22, three really high torque peaks occurred at the time range 
between 3000 and 4000 s. These occurred because barrel got stuck when liquid and 
powder feed rates were high and screw speed was low. In other words, fill rate of the 
barrel was high and mass was wet. This blockage occurred after granulating 
experiments with lower barrel fill rate and drier material with low liquid and powder 
feed rate and high screw speed. In spite of this blockage, all of the experiments were 
successfully granulated. It was learned that ConsiGma is sensitive to rapid parameter 
changes from extreme to the other and that it is best to do changes step by step 
especially when it comes to liquid feed rate and thus moisture of the mass inside the 
barrel.  
 
 
Figure 22. Torque during first granulation process (run order 1 to 14). Every time 
powder feed rate drops to zero, IBC has been changed and thus granulation paused.  
0
100
200
300
400
500
600
700
800
900
0
5
10
15
20
25
30
0 1000 2000 3000 4000 5000 6000
S
cr
e
w
 s
p
ee
d
 a
n
d
 l
iq
u
id
 f
ee
d
 r
a
te
  
T
o
rq
u
e 
a
n
d
 p
o
w
d
er
 f
ee
d
 r
a
te
  
Time (s) 
Torque (Nm) Powder feed rate (kg/h) Liquid feed rate (g/min) Screw speed (rpm)
57 
 
 
 
Figure 23. Torque during second granulation process (run order 15 to 29). Every time 
powder feed rate drops to zero, IBC has been changed and thus granulation paused.  
 
 
Based on regression analysis, all of the granulation parameters had an effect on torque 
and reliable model resulted having high R
2 
and Q
2
 (Figure 24). Screw speed, powder 
feed rate and their interaction had the largest effect on torque. When powder feed rate 
was increased, more material existed inside the barrel and thus more force was required 
to transport material through the barrel and torque increased. Opposite to this, increased 
screw speed resulted in decreased torque value. As screw speed increased, material was 
easier to transport out from the barrel because barrel fill level was lower. This resulted 
in decreased torque. The effect of screw speed was not linear as it had a quadratic term 
in the regression model. Increased screw speed decreased torque at first but as it 
increased over 700 rpm, torque started to increase. Possible explanation is that as screw 
speed was increased to be high, motor needed to put more force to maintain the higher 
screw speed as the amount of powder and liquid stayed the same and thus there was 
more resistance for the movement. This was why torque increased. The effect of powder 
feed rate and screw speed on torque were in line with published studies (Dhenge et al. 
2010; Dhenge et al. 2011; Tan et al. 2011; Vercruysse et al. 2012). 
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Figure 24. Coefficient plot of the effect of process parameters on torque during 
granulation. R
2
 = 0.975 and Q
2 
= 0.959. 
 
As powder feed rate and screw speed increased both at the same time, torque decreased. 
This can be seen more clearly in the contour plot in Figure 25. Torque was only really 
high (over 15 Nm means almost blockage in ConsiGma barrel), when screw speed was 
under 300 rpm and powder feed rate over 18 kg/h and thus barrel really filled with 
material. It can also be said that every time powder feed rate was under 10 kg/h, torque 
stayed low (under 5 Nm). Of course L/S ratio needs to be considered also as it had an 
effect on torque. 
 
  
Figure 25. Contour plot of the effect of screw speed and powder feed rate on torque as 
the L/S ratio was constant (0.4). 
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Increased L/S ratio resulted in higher torque value. This has also been seen in published 
studies (Dhenge et al. 2010; Kumar et al. 2014a). In practice it meant that when L/S 
ratio increased, mass inside the barrel got wetter and thus motor needed to put higher 
force to rotate screws to maintain same screw speed.  
 
These effects were clearly seen in torque values from experiments torque data as 
experiments N6, N14 and N19 had the highest torque values (APPENDIX 4). 
Experiments N6 and N14 had high powder feed rate (20 kg/h), low screw speed (350 
rpm) and high L/S ratio (0.44) and experiment N19 had centre point parameters when 
concerning powder feed rate and L/S ratio but low screw speed of 240 rpm. 
Experiments N7, N15, N17 and N21 had lowest torque. Experiments N7 and N15 had 
low powder feed rate (10 kg/h), high screw speed (750 rpm) and high L/S ratio (0.44), 
experiment N21 had the centre point parameters of powder feed rate and screw speed 
but lowest L/S ratio of 0.34 and experiment N17 had low powder feed rate and centre 
point L/S ratio and screw speed. Experiments N23  ̶  N29 showed comparable torque 
values, which was expected because they were all granulated with same centre point 
parameters. Mean torque calculated from these experiments had relative standard 
deviation of 7.7%. This told that torque was stable between centre point granulations 
and it could be assumed that centre point granules had similar properties after 
granulation.   
 
Concluding, results showed that increased fill rate of the barrel and wetter material 
increased torque. When torque value increased, material inside the barrel experienced 
higher shear forces and presumably more densification happened. Measurement of 
porosity would have been required to see the effect of torque value on granule porosity.  
 
4.3 Particle size distribution of unmilled granules 
 
Particle size distributions of unmilled granules measured with dynamic image analysis 
(QicPic) were bimodal as two peaks in distributions were distinguished, one in smaller 
and one in larger particle size range (Figure 26). Results were in line with published 
studies as bimodal or even multimodal PSD after twin screw granulation is typical 
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(Dhenge et al. 2010; Lee et al. 2013; Kyssä 2015; Vercruysse et al. 2015a). Some of the 
experiments (N2, N6, N8 and N19) showed almost unimodal PSD even at this stage 
before milling. However, granules would not have been suitable for tablet compression 
because of the broad PSD and fraction of oversized granules (granules over 1000 µm). 
Largest unmilled granules were over 2500 µm in size and d90 values ranged from 2500 
to 3200 µm (APPENDIX 4). The amount of fines (smaller than 50 µm) was quite 
similar in every experiment but compared to ungranulated powder blend, the amount 
was much smaller (Figure 26). When particle size distributions of unmilled granules and 
ungranulated powder blend were compared, it was observed that granulation had 
happened. Unmilled granules had clearly higher particle size than powder blend. Also 
width of the distributions of granules was in most cases broader when compared to 
ungranulated powder blend.   
 
All the experiments with centre point granulation parameters were not measured before 
milling because of the difficulties in finding repeatable method to measure unmilled 
granules. However, as was discussed in torque results, centre point granules were 
assumed to have similar properties after granulation.  
 
 
Figure 26. Average particle size distributions of unmilled granules measured with 
QicPic. n = 3.  
 
No further, reliable conclusions about the effects of screw speed, powder feed rate or 
L/S ratio on particle size could be drawn because of the large variation of the results 
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within experiments. Relative standard deviation was 60% at worst. Explanation to the 
big variation in results was the size differences of granules which made sampling 
challenging. Some kind of sample divider should have been used instead of manual 
mixing and sampling. Based on the results, it could only be said that particle size 
distributions of unmilled granules were bimodal and broad.  
 
Same bimodality was observed when granules were visually inspected. Largest granules 
in all of the experiments were elongated, long granules. As can be seen in Figure 27 
also smaller granules existed and the smallest granules were almost powder-like. Size 
differences were observed in every experiment but the size of the largest and smallest 
granules and their ratio varied. Size differences were also clearly seen in the plastic bags 
used for conservation where largest particles were on top and smallest at the bottom 
forming two separate layers.  
 
 
Figure 27. Unmilled granules of experiment N3. 
 
In addition to QicPic data and visual inspection, scanning electron microscopy (SEM) 
showed the bimodal nature of the granules (Figure 28). SEM pictures showed clearly 
the size differences between granules and their irregular shape. Especially the largest 
granules imaged showed highly varying and irregular shape. This increasingly varying 
shape of granules as granule size increased was in line with published studies (Fonteyne 
et al. 2014a; Kumar et al. 2014a). Due to varying granule size, representative sampling 
was difficult. In SEM pictures, some ungranulated material was spotted but mostly 
granules were detected.  
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A.                 B. 
 
 
Figure 28. SEM pictures of granules from experiment N19 with A. 100x and B. 25x 
magnifications.  
 
 
4.4 Particle size distribution of milled granules 
 
4.4.1 Comparison of unmilled and milled granules measured with image analysis 
 
After milling, particle size distributions measured with QicPic were narrower and 
unimodal having only one peak compared to having two peaks in distributions before 
milling (Figures 26 and 29). This has not been seen in published studies before as PSD 
has usually been bimodal (Dhenge et al. 2010; Lee et al. 2013; Kyssä 2015; Vercruysse 
et al. 2015a). The highest peak in distributions of unmilled granules was at the same 
position than the peak at distributions of milled granules. This meant that the biggest 
fraction of the granules were similar in size. From the d10, d50 and d90 values it was 
evident that particle size was, however, smaller after milling (APPENDIX 4). Milling 
produced more fines and decreased the amount of oversized granules. Because the peak 
was at the same positions, it can be said that milling had an effect on largest granules 
and produced fines from them. These findings of decreasing particle size and production 
of fines were in line with published studies (Vercruysse et al. 2012; Vercruysse et al. 
2015a).  
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Figure 29. Average particle size distributions of milled granules measured with QicPic. 
n= 3. 
 
Spans of distributions were clearly narrower after milling as they varied from 1.5 to 2.5 
with milled granules compared to about 1.7  ̶  4.9 with unmilled granules. This showed 
that milling made granules more homogeneous in particle size. These same findings of 
more uniform particle size were made when visually inspecting the granules (Figures 27 
and 30). Visual observation showed also that granule shape was more uniform and 
rounder after milling. 
 
Figure 30. Milled granules from experiment N3.  
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4.4.2 Comparison of ungranulated powder blend and milled granules 
 
Milling brought particle size distributions closer to particle size distribution of 
ungranulated powder blend both when measured with image analysis and laser 
diffraction (Figures 26, 29 and 31). Because granulation had increased particle size, 
distributions were however broader with granules (APPENDIX 4). Experiment N23 
milled with smallest screen size (610 µm) showed most similar distribution with powder 
blend. The smaller milling screen size was used, the closer granule size distribution 
came to distribution of ungranulated powder blend. The amount of fines was smaller 
with granules but ungranulated material existed in all of the experiments. The reason 
why distributions of milled granules and ungranulated material were more comparable 
after milling was the generation of fines in milling step and the decreased amount of 
oversized granules. 
 
 
Figure 31. Average particle size distributions of milled granules measured with 
Mastersizer 2000. n = 3. 
 
 
 
 
0
1
2
3
4
5
6
1 10 100 1000
V
o
lu
m
e 
d
is
tr
ib
u
ti
o
n
  
(%
) 
Particle size (µm) 
N1
N2
N3
N4
N5
N6
N7
N8
N9
N10
N11
N12
N13
N14
N15
N16
N17
N18
N19
N20
N21
N22
N23
N24
N25
N26
N27
N28
N29
Powder blend
65 
 
4.4.3 Comparison of particle size distribution of milled granules measured with image 
analysis and laser diffraction 
 
QicPic and Mastersizer showed some differences in particle size distributions but same 
kind of patterns could be observed. It is known that irregular shaped particles may give 
differentiating values from image analysis and laser diffraction measurements (Köhler 
et al. 2007; Yu and Hancock 2008). All in all, with laser diffraction method, it was hard 
to find suitable conditions for measurements. It seemed like every different setting when 
concerning vibration, gave different kind of results. Mastersizer results were also harder 
to evaluate because of the lack of distributions to evaluate against as unmilled granules 
were not measured with laser diffraction.  
 
QicPic has two different particle dispersion methods. Gradis, used in this study, disperse 
particles with gravity as Rodos does the dispersing with pressurized air. In that sense, 
Rodos dispersing system resembles best Mastersizer measuring. Maybe, use of Rodos 
would have resulted in more differences seen in PSDs. Gradis measures particle size 
from 5 to 30720 µm and Rodos from 5 to 4000 µm. 
 
QicPic results showed unimodal distributions for every experiment regardless which 
mill screen size was used. Mastersizer instead showed that only experiments milled with 
smallest mill screen sizes (610, 813 and 991 µm) were unimodal although some 
exceptions occurred. When mill screen size increased, distributions became more and 
more bimodal. This could be clearly seen from experiments N23  ̶  N29 granulated with 
same process parameters but milled differently (Figure 32).  
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Figure 32. The effect of mill screen size on particle size distribution measured with 
Mastersizer (L/S 0.4, screw speed 550 rpm and powder feed rate 15 kg/h but milled 
with different mill screen sizes). n = 3.  
 
Particle size increased and more oversized granules were detected as larger mill screen 
size was used (1397 and 1575 µm) (Figures 29 and 31 and APPENDIX 4). This 
increased particle size when milling with larger screen size is known phenomena in 
literature (Motzi and Anderson 1984). Experiments milled with smaller mill screen 
sizes (813 and 991 µm) showed quite similar particle size distributions and centre points 
gave really similar and repeatable patterns. Experiment N23 milled with smallest mill 
screen size 610 µm showed smallest particle sizes and experiment N26 milled with 
largest mill screen size showed largest particle sizes as expected. From QicPic results it 
could be observed that only experiments milled with the largest screen sizes (1397 and 
1575 µm) had oversized granules in distribution, whereas Mastersizer showed oversized 
fraction for almost all of the experiments regardless of mill screen size used. QicPic 
results resembled thus better the mill screen size used being that it showed more 
uniform values for particle size of largest granules when compared to mill screen size. 
Usually image analysis is more sensitive to large particles and laser diffraction for 
smaller particles (Köhler et al. 2007). This is why the explanation may be that in 
Mastersizer analysis, sample had not been dispersed well enough when measured or the 
position of particles while measuring resulted in overestimation of particle size.  
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The amount of fines was quite similar regardless of mill screen size used. However, 
experiment N23 milled with smallest mill screen size 610 µm had most fines and 
experiment N26 milled with largest mill screen size, had least fines. However, the 
biggest differences in particle size were seen in the size of the largest granules. 
 
Especially from QicPic results it was observed that distributions were broader as larger 
mill screen size was used (1397 and 1575 µm) compared to smaller screen sizes (610, 
813 and 991 µm) (Figure 29). The narrowest distribution resulted when smallest mill 
screen size 610 µm was used. Regression model of QicPic results showed this clearly 
(Figure 33). As larger mill screen size was used, wider particle size distribution 
resulted.  
 
 
Figure 33. Coefficient plot of the effect of process parameters on width of particle size 
distribution measured with QicPic analysis. R
2
 = 0.810 and Q
2
 = 0.715.  
 
 
4.4.3.1 Regression analysis comparison of Mastersizer and QicPic results 
 
When d10 values of QicPic and Mastersizer results were compared, it was seen that 
QicPic showed larger particle size value (Figure 34). This makes sense because laser 
diffraction is more sensitive to small particles than image analysis (Köhler et al. 2007). 
Experiments milled with smaller mill screen sizes (610, 813 and 991 µm) gave little bit 
smaller d10 values than experiments milled with larger mill screen sizes (1397 and 1575 
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µm). As expected, experiment N26, which was milled with the largest mill screen size, 
showed the highest d10 value and experiment N23 milled with smallest screen size, 
showed the smallest d10 value.  
 
 
Figure 34. Average d10 values of experiments. PB = powder blend. n = 3. 
 
These findings were seen in the results of regression analysis of d10 value where 
milling was the parameter having most effect (Figures 35 and 36). As mill screen size 
increased, d10 increased. As was seen from the particle size distributions, when mill 
screen size was increased, less fines resulted and particle size increased. This is why 
d10 value was larger when mill screen size increased.  
 
Regression model showed also an effect of screw speed on d10 value being not linear in 
QicPic model. In published studies, screw speeds effect on particle size has been 
varying (Dhenge et al. 2010; Vercruysse et al. 2012; Lee et al. 2013; Kumar et al. 
2014a; Kyssä 2015). As screw speed increased, residence time in the barrel was 
presumably shorter as it has been in published studies (Kleinebudde and Lindner 1993; 
Dhenge et al. 2010; Lee et al. 2012; Kumar et al. 2014b). It would have thus been 
expected that smallest particles would not have had that much time to interact with the 
largest granules and granulate. However, it was not the case here. Maybe, as a 
consequence of lower fill rate of the barrel when screw speed increased there was more 
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space for the smallest particles to interact with larger particles. However, in kneading 
zone, where high shear forces existed and granulation was happening, kneading 
elements were working filled with material. Residence time was thus considered to have 
more effect on granule formation than fill rate. However, if thinking about the layering 
of the largest granules with smaller particles in other zones of screws, there was more 
space in the barrel for this as screw speed increased. Also better distribution of 
granulation liquid as fill rate was lower can be a possible reason for this result.  
 
 
Figure 35. Coefficient plot of the effect of process parameters on d10 values measured 
with QicPic. R
2
 = 0.891 and Q
2
 = 0.838. 
 
 
Figure 36. Coefficient plot of the effect of process parameters on d10 values measured 
with Mastersizer. R
2
 = 0.795 and Q
2
 = 0.718. 
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In QicPic model, also powder feed rate had an effect on d10. As it increased, d10 
decreased. The higher the powder feed rate was, the higher was fill rate of the barrel and 
thus opposite effect on particle size when compared to increased screw speed. When 
powder feed rate increased, residence time shortened because of the pressure of material 
to move forward (Dhenge et al. 2010; Dhenge et al. 2011; Lee et al. 2012). As residence 
time was shorter, smaller particles did not have that much time to interact with larger 
granules and thus more fines resulted. In some published studies, more fines have 
resulted as powder feed rate has increased (Dhenge et al. 2010; Dhenge et al. 2011; 
Dhenge et al. 2013). Also, as there was more powder in the barrel, maybe the liquid 
distribution was no that effective or the amount of liquid to granulate the solid material 
was not sufficient. As was discussed with screw speed, it could be that as there was 
more material in the barrel, layering did not happen as efficiently and thus more fines 
was generated. 
 
L/S ratio had an effect on d10 when looking at model of Mastersizer. Increased L/S 
ratio resulted in increased particle size. This was in line with published studies (Dhenge 
et al. 2012a; Kumar et al. 2014a; Kyssä 2015; Vercruysse et al. 2015a).  
 
The effect of milling on particle size was also seen when observing d50 and d90 values 
(Figures 37 and 38). As the situation was with d10 values, Mastersizer showed lower 
d50 particle sizes than QicPic. The d50 values were more similar with both measuring 
techniques used. At d90 value, Mastersizer showed increasingly larger values than 
QicPic when compared to d50 value.  
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Figure 37. Average d50 values of experiments. PB = powder blend. n = 3. 
 
 
Figure 38. Average d90 values of experiments. PB = powder blend. n = 3.   
 
Regression analysis of d50 and d90 value were in line with d10 analysis as milling 
screen size had the largest effect on particle size (Figures 39, 40, 41 and 42). However, 
also L/S ratio had an effect on particle size in d50 QicPic model. Screw speeds effect in 
Mastersizer model in d50 and in QicPic model in d90 and powder feed rates effect in 
QicPic model were no longer significant. It was discussed previously that milling had 
the most effect on largest granules. It may be that as particle size increased, the effect of 
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milling had increasingly strong effect and overruled other parameters from showing an 
effect. This was shown then at the regression model. Especially this applied to d90 
value where milling and L/S ratio were the only parameters having an effect on particle 
size (Figure 41 and 42).  
 
 
 
Figure 39. Coefficient plot of the effect of process parameters on d50 values measured 
with QicPic. R
2
 = 0.888 and Q
2
 = 0.820. 
 
 
 
Figure 40. Coefficient plot of the effect of process parameters on d50 value measured 
with Mastersizer. R
2
 = 0.801 and Q
2
 = 0.695.  
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Figure 41. Coefficient plot of the effect of process parameter on d90 values measured 
with QicPic. R
2
 = 0.853 and Q
2
 = 0.814. 
 
 
          
Figure 42. Coefficient plot of the effect of process parameter on d90 values measured 
with Mastersizer. R
2
 = 0.896 and Q
2
 = 0.846.  
 
The results from particle size analysis proved that milling was a way to improve granule 
size and shape properties when it came to making granules more homogeneous with 
particle size and gaining more unimodal particle size distribution. In published studies 
bimodality of distribution has occurred even after milling (Tan et al. 2011; Vercruysse 
et al. 2013; Beer et al. 2014; Kyssä 2015). In those, milling screen size has varied from 
850 µm (Kumar et al. 2013) to 1.5 µm Kyssä (2015). Of course it needs to be taken into 
consideration that PSD was measured with sieve analysis in most of these published 
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studies (Tan et al. 2011; Kumar et al. 2013; Vercruysse et al.2013). Sieve analysis may 
give different kind of patterns than when measuring with image analysis and laser 
diffraction because it presents the results as mass distribution rather than volume or 
density distribution (Chan et al. 2010). It may also break down particles or let particles 
through sieve depending on position which can affect the results. In the previous study 
by Kyssä (2015), particle size distributions were clearly more bimodal when same 
screw configuration and L/S ratio were used but powder feed rate and screw speed 
varied from the 15 kg/h and 550 rpm used in this study (Figure 43). This was a proof 
that also the granulation process and formulation flowability needed to be optimized in 
order to be able to get granules which had, after milling, unimodal distribution.  
 
A.        B. 
  
           
Figure 43. Average particle size distributions of milled granules measured with A. 
Mastersizer 2000 and B. QicPic (Kyssä 2015).  
 
 
4.3.4 Particle size distribution of high shear granules  
 
Particle size distributions of high shear granules were unimodal and narrow (Figure 44) 
(APPENDIX 6). This was in line with published studies (Lee et al. 2013). As all of the 
high shear batches were milled with same mill screen size (991 µm), the effect of L/S 
ratio on particle size was clearly seen. When L/S ratio increased, particle size increased. 
This was in line with published studies (Lee et al. 2013). When compared to twin screw 
granules, it was observed that the amount of fines was smaller in high shear batches. 
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This was also practically observed during drying as less dust was formed. Granulation 
time was longer in high shear granulation when compared to twin screw granulation. 
This may have contributed to formation of more granulated mass leading to smaller 
amount of fine particles. When distributions were compared it was observed that high 
shear granules gave sharper peak than twin screw granules indicating clearer 
distribution of granule size.    
 
A.                           B. 
 
 
Figure 44. Average particle size distributions of high shear granules measured with A. 
Mastersizer 2000 and B. QicPic. n = 3.  
 
4.5 Ring shear cell 
 
Flowability was improved with granulation (APPENDIX 4 and 6). All the twin screw 
granules and high shear granules were free-flowing as powder blend was easy-flowing 
according to scaling presented in Table 5. High shear granules had better flowability 
when compared to twin screw granules as they had higher ffc-value. This may be 
because of rounder shape of high shear granules. Shape was not measured in this study 
but in published studies it has been noticed that high shear granules tend to be rounder 
than twin screw granules (Lee et al. 2013). Particle size distribution results showed that 
particle size of the twin screw granules and high shear granules was larger when 
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compared to ungranulated powder blend. This is why granules had better flowability 
compared to powder blend.  
 
Table 5. Ffc-value and flowability (Modified from Schulze 2006). 
 
 
4.6 Mass flow 
 
All of the experiments and also the ungranulated powder blend had good flowability 
measured with mass flow (Figure 45). It was expected that larger granules would have 
flown better. Experiments N2, N3, N5 and N8 were expected to flow poorer than N9, 
N12, N14 and N15 because of the smaller granule size and centre point flowability was 
expected to be somewhere in the middle or near to granule experiments milled with 
screen size 813 µm. However, granules did not behave this way.  
 
Centre points (N27, N28 and N29) showed variability with each other. Based on 
analysis of variance, mass flow of experiment N27 differed significantly from 
experiments N28 and N29. It was concerning that N28 and N29 seemed to have poorer 
flowability than powder blend. It was not surprising that powder blend had a good 
flowablity because that was the aim when changing fillers to larger particle size grade. 
Flowability of powder blend and experiments N28 and N29 did not, however, differ 
significantly from each other. It was difficult to say why centre points had this 
variability in flow properties as they did not have any significant variation in particle 
size and any differences were observed during analysis. Poorer flowability could not 
thus result from less homogeneous mass. Some error in the lubricant mixing phase was 
considered as a more likely reason. Granules were also conserved in plastic bags. This 
and possibly different moisture content of the granules may have resulted in differences 
in electrical charge and thus in flow properties.  
ffc <1 Not flowing
1 < ffc  < 2 Very cohesive
2 < ffc < 4 Cohesive
4 < ffc < 10 Easy- flowing
10 < ffc Freely flowing
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Experiment N3 and ungranulated powder blend had the most varying flow. Any sign of 
more pulsing or less uniform flow compared to other experiments was not observed 
during analysis. Results, however, showed that flowability of N3 and powder blend 
varied from one repetition to another.  
 
 
Figure 45. Mass flow of lubricated, milled twin screw granules and lubricated powder 
blend with standard deviations. PB = powder blend. n = 4.  
 
Regression analysis did not give reliable model for the mass flow. R
2
 value of the model 
was about 0.6 which told that model fitted the results quite nicely. Q
2
 value, however, 
was 0.009 which told that the model was not reliable as it could not predict. This was 
probably resulting of a large variation in centre point flowabilities. All in all, all of the 
granules and ungranulated powder blend showed good flow properties. Flow properties 
of powder blend measured with mass flow was better and manufacturability was 
enhanced compared to previous study by Kyssä (2015) where measurements with 
ungranulated powder blend was unsuccessful because of inadequate flow.  
 
4.7 Hausner ratio and compressibility index 
 
When evaluating flowability based on Hausner ratio, two of the experiments, N8 and 
N9, had a good flowability and when evaluating based on compressibility index, 
experiment N9 had a good flowability (APPENDIX 4 and Table 6). Most of the 
0
2
4
6
8
10
12
14
16
18
20
PB N2 N3 N5 N8 N9 N12 N14 N15 N27 N28 N29
F
lo
w
a
b
il
it
y
 g
/s
 
78 
 
experiments had fair flowability but experiment N2 and powder blend had passable 
flowability. Powder blend had the poorest flowability but the difference between N2 
was not big.   
 
Table 6. Definitions of flowability (Modified from European Pharmacopoeia 7.0:  
2.9.36. Powder flow).  
 
Compressibility index (per cent) Flow character Hausner ratio 
1 - 10 Excellent 1.00 - 1.11 
11 – 15 Good 1.12 – 1.18 
16 – 20 Fair 1.19 – 1.25 
21 – 25 Passable 1.26 – 1.34 
26 – 31 Poor 1.35 – 1.45 
32 – 37  Very poor 1.46 – 1.59  
> 38 Very, very poor > 1.60 
 
Flowability measured with Hausner ratio and compressibility index was not in line with 
flowability measured with mass flow. In the Hausner ratio and Compressibility index 
results it was seen that larger granules flew better than smaller granules. Experiments 
N2, N3 and N5, which were milled with screen size 813 µm, had poorer flowability 
when compared to experiments N9, N12, N14 and N15, which were milled with screen 
size 1397 µm. Experiment N8 was an exception as it had better flowability than most of 
the experiments having larger particle size. Centre points milled with 991 µm had better 
flowability than experiments milled with screen size 813 µm but did not have poorer 
flowability compared to experiments milled with 1397 µm. Centre points did not either 
show poorer flowability (as N28 and N29 showed in mass flow analysis) or that much 
variation when compared to ungranulated powder blend.   
 
Neither Hausner ratio or Compressibility index gave a good model in regression 
analysis as the R
2 
was about 0.3 and Q
2 
near zero. This maybe because the experiments 
had so similar flow properties. Analysis of variance could not be conducted to evaluate 
differences between groups because the lack of repetitions. The results showed also 
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enhanced flow properties of powder blend compared to previous study by Kyssä (2015) 
in which powder blend flowability was poorly flowing.  
 
4.8 Results of tablet analyses 
 
Visually inspecting, tablets had good quality. The tablets showed no capping, 
lamination or sticking during tablet compression. They had smooth and shiny surface 
with no defects. Analysis of variance showed significant differences between tensile 
strengths when aimed at 2 MPa (APPENDIX 5). These 2 MPa tablets were used to 
European pharmacopoeial tests and U.S Pharmacopoeial dissolution test. Tests in which 
this variation in tensile strength could have had an effect was friability, disintegration 
and dissolution tests. However, differences were so small that it was unlikely to have an 
effect. 
 
4.8.1 Tensile strength and compactibility of tablets 
 
All the twin screw tablets had higher tensile strengths compared to direct compressed 
tablets and high shear tablets (Figure 46) (APPENDIX 5 and 6). Both ungranulated 
powder blend and high shear granules required more compression pressure to form 
tablets with same tensile strengths than twin screw tablets having thus poorer 
compactibility. These findings were in line with published studies (Keleb et al. 2004a; 
Djuric and Kleinebudde 2010; Tan et al. 2011; Lee et al. 2013; Kyssä 2015). Tensile 
strength of high shear tablets was clearly dependent on the L/S ratio used. As L/S ratio 
increased, tensile strength increased and depending on the L/S ratio tensile strength was 
lower or higher than tensile strength of direct compressed tablets. Same effect of 
increasing L/S ratio was seen in twin screw tablet tensile strengths and compactibility. 
Experiment N14 was easiest to compress into stronger tablets and in contrary N9 
seemed to have poorest compactibility and it required more pressure in tablet 
compression. It would have been expected that increasing L/S ratio would have made 
granules more dense because formation of liquid bonds and thus decreased compression 
capability. However, this is dependent on formulation. Increasing L/S ratio increased 
tensile strength and resulted in better compactibility. However, analysis of variance was 
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not conducted because of the variation in compression pressure, which would possibly 
have had an effect on results. Because of this, it cannot be said whether twin screw 
experiments had significant differences between each other when concerning tensile 
strength. In published studies, the effect of L/S ratio on the tensile strength of twin 
screw tablets have been varying and dependent of formulation (Keleb et al. 2002; Tan et 
al. 2011; Lee et al. 2013). Keleb et al. (2002) got a similar result that increasing L/S 
ratio led to increased tensile strength.  
 
 
Figure 46. Compactibility of twin screw tablets, direct compressed tablets and high 
shear tablets with standard deviation. PB = powder blend (direct compressed tablets). 
 
The reasons why twin screw tablets show higher tensile strengths than high shear tablets 
have been discussed to result from more porous structure and irregular shape of 
granules (Tan et al. 2011; Lee et al. 2013). Reason why twin screw tablets showed 
higher tensile strengths compared to direct compressed tablets may be porous nature of 
granules. This depends however on formulation. When mannitol is granulated, resulting 
tablets have higher tensile strength because of the more porous nature of mannitol 
granules compared to powder (Westermarck et al. 1998). Microcrystalline cellulose 
seems to behave in an opposite way forming denser structures after granulation when 
compared to powder (Westermarck et al. 1999). This leads to poorer compactibility 
after granulation when compared to MCC powder. In this study, formulation contained 
both MCC and mannitol. It may be that even though the fraction of these fillers in 
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formulation was the same, mannitol dominated so that resulting granules had higher 
porosity than powder blend and thus compactibility was better.  
 
Tensile strength of the tablets increased faster when compaction pressure increased 
from about 100 MPa (compression force 5 kN) to 200 MPa (10 kN) than it did when 
compaction pressure increased from 200 MPa (10 kN) to 300 MPa (15 kN). This was 
seen from the decreasing slope of the plots when compression pressure was increased. 
The effect of compression pressure on tensile strength was thus not linear and right 
compression force range was chosen for studies. Variation in compression force was 
low when looking at the relative standard deviation results as it was below 5% in every 
twin screw experiment and high shear batch as well as direct compression (APPENDIX 
5 and 6). This told about the good flow properties of granules. If there had been 
segregation, it would have likely resulted in more variation in compression force.  
 
Regression analysis gave poor models for tensile strength of twin screw tablets with Q
2 
varying from negative value with 15 kN compression force to 0.5 with 10 kN 
compression force. R
2 
was varying from 0.5 to 0.8 being quite good. This showed that it 
was easy to fit linear model for results but because of low Q
2 
value, model was poorly 
predicting. One reason for poor predictability can be variation in centre points. In these 
models, L/S ratio was the only parameter having an effect. As L/S ratio increased, 
tensile strength increased. This was also observed from compactibility plots.  
 
4.8.2 Friability 
 
All of the twin screw tablets and direct compressed tablets fulfilled requirements of 
European pharmacopoeia because none had friability equal or over 1%. Friability in 
every experiment was under 0.5% (APPENDIX 5). Centre point N29 differed from 
other centre points as it had the highest friability of all the experiments. Of course it 
needs to be remembered that friability test was only carried out once without 
repetitions. Differences in tensile strength of 2 MPa tablets could not have an effect on 
these results because experiments with the highest friabilities, N29 and N3, were not the 
experiments with the lowest tensile strengths.  
 
82 
 
Regression analysis did not result in reliable model having R
2 
of only 0.1 and negative 
Q
2
. This could be because of variation between centre points. Variance analysis could 
not be conducted because repetitions were not done. All in all, all of the experiments 
showed really good results when friability was evaluated. 
 
4.8.3 Uniformity of mass 
 
Twin screw tablets and direct compressed tablets fulfilled the requirements of European 
pharmacopeia as none of the 20 tablets weighed differed from the average mass more 
than 7.5%. Actually, not one individual tablet differed from the average mass more than 
1% in any of the experiments, which tells about homogeneous die filling based on good 
flow properties and suitable particle size.  
 
Experiments milled with the largest mill screen size, 1397 µm (N9, N12, N14 and N15) 
showed more variation in average mass than experiments milled with smaller mill 
screen sizes, 831 or 991 µm (N2, N3, N5, N8, N27, N28 and N29) almost in every case 
(APPENDIX 5). Experiment N9 was an exception having RSD% smaller than 
experiment N3. Granules milled with the largest mill screen sizes had broader particle 
size distributions. Because of this more inhomogeneous particle size distribution, 
granules may have segregated more during tablet compression. This segregation showed 
in more variation of average tablet mass.  
 
Direct compressed tablets showed deviation in tablet mass comparable with 
experiments milled with larger mill screen size (1397 µm). This was surprising as it was 
expected to have more variation because the mass was not granulated and thus not as 
homogeneous. However, particle size distribution of ungranulated powder blend was 
quite near to milled granules. Powder blend had also the poorest flowability which was 
expected to have more effect on mass variation. Tablets were, however, compressed 
with eccentric tablet press with slow speed. In higher speeds, more variation in mass 
could have possibly resulted.  
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As a conclusion, all the experiments flew from the feeding shoe to the die without 
significant segregation and tablet quality was suitable as a mass variation point of view.  
 
4.8.4 Content uniformity 
  
Content uniformity results showed that tablets contained more ibuprofen than label 
claimed 25% (w/w%) (APPENDIX 5). Ibuprofen content varied from 26.6 to 27.8% 
depending on the experiment. Variation within experiments was small, yet significant. 
In spite of this, results fulfilled requirements of European pharmacopoeia because 
acceptance limit with all of the experiments was below 15% being 6.5  ̶  13%. Based on 
these results, ibuprofen tablets were uniform when evaluating content of the API.  
 
4.8.5 Disintegration 
 
All of the tablets were disintegrated within 2.5 min or less (APPENDIX 5). 
Disintegration was really fast and fulfilled the requirement of European Pharmacopoeia 
because all of the tablets were disintegrated within 15 min. As was discussed with 
tensile strength results, twin screw granules were assumed to be more porous than 
powder blend. This more porous nature could have led to easier water penetration to the 
structure and thus faster disintegration. However, because direct compressed tablets had 
also really fast disintegration, it was more likely that fast disintegration was dependent 
of formulation than structure.  
 
Experiment N14, which was granulated with high L/S ratio and milled with large mill 
screen size, had the slowest disintegration. This was not surprising as it also formed the 
strongest tablets having the highest tensile strength when aiming at 2 MPa (APPENDIX 
5). Particles had formed strongest bonds and these were not as easy to overcome. This 
led to slower disintegration. Experiment N2, which was granulated with low L/S ratio 
and milled with small screen size, had the fastest disintegration. It had the lowest tensile 
strength and thus was also expected to disintegrate fastest. This same effect of tensile 
strength on disintegration has been seen in literature (Fonteyne et al. 2014a). 
84 
 
 
Regression analysis did not give a reliable model having Q
2 
of only 0.156. However, R
2
 
was good (0.74) meaning that results were easy to fit but the predictability of the model 
was poor. This may have caused because of variation in centre points as centre points 
N27 and N28 did not have significant difference but N29 differed significantly from 
them. Disintegration time was evaluated visually which may have resulted in lack of 
overall patterns. All in all, disintegration was fast. This fast disintegration of twin screw 
tablets was in line with published studies (Vercruysse et al. 2013; Vercruysse et al. 
2015b).   
 
4.8.6 Dissolution 
 
Dissolution of tablets was really fast with every twin screw experiment but also with the 
direct compressed tablets (Figure 47). All of the ibuprofen was dissolved within 10 min. 
It was hard to see any differences between experiments but direct compressed tablets 
showed little bit slower dissolution rate when compared to twin screw tablets. When 
time to 80% dissolution was compared, direct compressed tablets had the longest time 
(4.2 min) compared to 2.4  ̶  3.4 min with twin screw tablets (APPENDIX 5). 
Dissolution time of direct compressed tablets differed statistically from every twin 
screw tablet experiments. It had also variation between repetitions. Every experiment 
fulfilled the requirements of U.S Pharmacopoeia because all of ibuprofen was dissolved 
within 60 min. Fast dissolution could be expected because of the fast disintegration. 
When disintegration was fast, also dissolution was able to initiate faster. Fast 
dissolution of twin screw tablets has also been seen in published studies (Vercruysse et 
al. 2013; Vercruysse et al. 2015b).   
 
When the reasons for slower dissolution of direct compressed tablets were evaluated it 
could be said that particle size was little bit smaller compared to granules. When 
particle size was smaller, dissolution should have been faster. Direct compressed tablets 
were compressed with higher compression force in order to get the same tensile 
strength. This may have resulted in slower dissolution. In this study, porosity of 
granules was not analysed. It was, however, presumed that twin screw granules had 
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higher porosity than powder blend. Dissolution results supported this presumption as 
higher porosity of granules would have resulted in faster release of ibuprofen.  
 
Figure 47. Average release profile of ibuprofen. PB = powder blend (direct compressed 
tablets). n = 3.  
 
Regression analysis showed that powder feed rate, milling screen size and their 
interaction term had an effect on dissolution rate (Figure 48). The larger the powder 
feed rate and mill screen size, the slower the dissolution. When thinking about mill 
screen size, larger mill screen size was in this study proved to result in larger granules. 
Larger particles had less surface area compared to the weight than smaller particles and 
thus dissolved slower. 
 
Increased powder feed rate resulted in higher barrel fill rate. This led possibly to denser 
granules as described in published studied (Djuric and Kleinebudde 2010; Dhenge et al. 
2011). Denser granules dissolved slower because the dissolution media needed more 
time to penetrate the structure. However, when powder feed rate was high and resulting 
granules were more likely denser, they would have expected to result in weaker tablets 
because of poorer compaction capacity. This instead, would have expected to result in 
faster dissolution. However, all of the tablets were compressed to have same tensile 
strength of 2 MPa. As was seen from the particle size results, increased powder feed 
rate decreased granule size. This would have been expected to result in faster 
dissolution. It may be that granule density played thus more significant role in 
dissolution when compared to particle size.  
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Figure 48. Coefficient plot of the effect of process parameters on 80% dissolution time. 
R
2
 = 0.922 and Q
2
 = 0.792.  
 
Interaction between powder feed rate and mill screen size had an effect on dissolution 
rate. When they were both increasing, dissolution was slower. As can be seen from 
Figure 49, even when the mill screen size and powder feed rate were the biggest used, 
time to 80% dissolution was about 4 min which was really fast. Time to 80% release 
was very fast with all tablets, 4 min being the slowest. 
 
 
Figure 49. The effect of milling screen size and powder feed rate on time to 80% 
released ibuprofen as screw speed and L/S ratio were constant (550 rpm and 0.4 
respectively).  
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Also dissolution results showed that tablets contained more ibuprofen than label 
claimed. Because the same problem occurred in twin screw tablets and direct 
compressed tablets high ibuprofen content was not caused by the twin screw granulation 
process. Possible cause of the problem could have been an error in weighing of the 
materials. It was however unlikely as other ibuprofen tablets compressed from 
ConsiGma granules were also tested and they gave the same results (data not shown). 
These tablets were done by different operator at earlier time point. Concentrations and 
the number of standard liquids were considered as another possible cause because same 
standard solutions were used in content uniformity test. However, as new standard 
solution was prepared weighing ibuprofen to buffer, no changes in absorbance was 
observed. The root cause for this deviation in ibuprofen amount is still undetected. 
However, the most important when considering this study is that it was not caused by 
the twin screw granulation process. Uniformity of content analysis showed also that 
tablets had suitable quality and tablets were uniform even though seemed to contain 
excess amount ibuprofen. 
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5  CONCLUSIONS 
 
The most important aim of this study was to optimize particle size distribution for tablet 
compression purposes and especially dry milling was studied as a way of gaining more 
unimodal PSD. Before dry milling, PSD was bimodal and broad as it tends to be after 
twin screw granulation. After dry milling, QicPic results showed unimodal particle size 
distributions for all experiments whereas Mastersizer showed more unimodal 
distributions for experiments milled with smaller mill screen sizes. Mill screen size had 
the largest effect on particle size. Increased mill screen size resulted in larger granules 
making the distribution less homogeneous. These results showed that dry milling was a 
way to optimize particle size distribution for tablet compression purposes. Also 
formulation flow properties and process parameters needed to be optimized because 
granulation parameters had an effect on particle size and manufacturability was 
enhanced with better flowing formulation when compared to previous study.  
 
Also knowledge of the influence of process parameters, L/S ratio, screw speed and 
powder feed rate, on granule size was gained. Their effect on granule size varied 
depending on the particle size grade and particle size analysis method used. Increased 
L/S ratio and screw speed increased granule size as increased powder feed rate 
decreased it.  
 
Torque during granulation was studied to evaluate the stability of the process. 
Equilibrium conditions suitable for granule collecting were reached quickly as torque 
stabilized quickly and stayed stable after parameter changes. Torque increased as L/S 
ratio and barrel fill rate increased. 
 
One of the aims was to evaluate tablet quality and compare twin screw tablets to high 
shear tablets and direct compressed tablets. Twin screw tablets showed higher tensile 
strengths and better compactibility. Twin screw tablets showed also faster dissolution 
compared to direct compressed tablets probably due to lower compression force. Mill 
screen size had the largest effect on dissolution properties of the tablets. When larger 
screen size was used, dissolution was slower. Also increased powder feed rate made 
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dissolution rate slower. In other tablet properties, only minor differences were seen 
between different twin screw experiments or between twin screw tablets and direct 
compressed tablets. All of the twin screw tablets and direct compressed tablets fulfilled 
the requirements of European pharmacopoeia and U.S Pharmacopoeia (dissolution test). 
Quality of the tablets was thus suitable.  
 
This study highlighted the great potential of twin screw granulation as the possibility of 
obtaining unimodal particle size distribution was successfully demonstrated and high 
quality tablets resulted. Results of this study were the first taking dry milling into 
consideration at a broad range to optimize PSD in twin screw granulation process. 
Results showed positive effect of dry milling in particle size optimization. In this study, 
formulation with good flow properties was used and as a result, direct compressed 
tablets showed also high quality. All of the formulations used in pharmaceutical 
industry have not, however, as good flow properties and granulation is required to 
enhance flow. Enhanced flow via twin screw granulation was demonstrated in this study 
especially with ring shear cell analysis. In addition, ungranulated formulations can show 
segregation during tablet compression and to address this problem, granulation is 
required.  
 
In the future, it would be important to study the effect of milling on particle size 
distribution when using other formulations and active pharmaceutical ingredients to see 
whether these results are wider applicable. In this study, one milling speed was used. It 
would be interesting to see whether milling speed has an effect on the PSD and 
especially to the amount of fines. Because milling produces fines, it would be 
interesting to see if unimodal PSD suitable for tablet compression purposes could be 
achieved in granulation phase rather than via dry milling. It is also of high importance 
to study how fill degree of the barrel affects the properties of the granules and tablets as 
it would be beneficial to be able to vary powder throughput in addition to production 
time.  
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APPENDICES  
 
APPENDIX 1 
Full factorial 4
2
 central composite circumscribed design used in granulation and milling 
 
 
 
Experiment 
number 
 
 
Experiment 
name 
 
 
Run 
Order 
 
 
 
Feed rate 
(kg/h) 
 
 
Screw speed 
(rpm) 
 
 
L/S 
(w/w) 
 
 
Mill screen 
size (µm) 
1 N1 1 10 350 0.36 813 
2 N2 5 20 350 0.36 813 
3 N3 8 10 750 0.36 813 
4 N4 11 20 750 0.36 813 
5 N5 23 10 350 0.44 813 
6 N6 12 20 350 0.44 813 
7 N7 26 10 750 0.44 813 
8 N8 19 20 750 0.44 813 
9 N9 2 10 350 0.36 1397 
10 N10 6 20 350 0.36 1397 
11 N11 9 10 750 0.36 1397 
12 N12 14 20 750 0.36 1397 
13 N13 24 10 350 0.44 1397 
14 N14 13 20 350 0.44 1397 
15 N15 27 10 750 0.44 1397 
16 N16 20 20 750 0.44 1397 
17 N17 7 7 550 0.4 991 
18 N18 17 23 550 0.4 991 
19 N19 21 15 240 0.4 991 
20 N20 25 15 860 0.4 991 
21 N21 10 15 550 0.34 991 
22 N22 22 15 550 0.46 991 
23 N23 3 15 550 0.4 610 
24 N24 4 15 550 0.4 813 
25 N25 15 15 550 0.4 1397 
26 N26 16 15 550 0.4 1575 
27 N27 29 15 550 0.4 991 
28 N28 18 15 550 0.4 991 
29 N29 28 15 550 0.4 991 
 
 
 
 
 
  
 
APPENDIX 2  
Fractional 4 - factorial design of experiments used in tablet compression  
 
Experiment 
number 
Experiment 
Name 
 
Run 
Order 
 
Feed 
rate 
(kg/h) 
Screw speed 
(rpm) 
L/S 
(w/w) 
Mill screen 
size (µm) 
1 N2 2 20 350 0.36 813 
2 N3 6 10 750 0.36 813 
3 N5 8 10 350 0.44 813 
4 N8 5 20 750 0.44 813 
5 N9 9 10 350 0.36 1397 
6 N12 11 20 750 0.36 1397 
7 N14 3 20 350 0.44 1397 
8 N15 7 10 750 0.44 1397 
9 N27 1 15 550 0.4 991 
10 N28 4 15 550 0.4 991 
11 N29 10 15 550 0.4 991 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
APPENDIX 3 
Full factorial 3
2 
design of experiments used in preliminary studies 
 
 
Experiment 
number 
 
Experiment 
Name 
 
Run 
Order 
L/S 
(w/w) 
 
Screw speed 
(rpm) 
 
Feed rate 
(kg/h) 
1 N1 8 0.35 400 10 
2 N2 1 0.55 400 10 
3 N3 5 0.35 700 10 
4 N4 7 0.55 700 10 
5 N5 10 0.35 400 20 
6 N6 4 0.55 400 20 
7 N7 2 0.35 700 20 
8 N8 11 0.55 700 20 
9 N9 9 0.4 550 15 
10 N10 6 0.4 550 15 
11 N11 3 0.4 550 15 
12 N12 12 0.4 550 15 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
APPENDIX 4 
Granule results. PSD = particle size distribution, QP = QicPic, MS = Mastersizer, RSD% = relative standard deviation percentage. 
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N1 2.8 14.6 155.3 10.4 913.3 56.2 2612.8 13.4 3.2 40.1 33.6 1.5 89.3 3.0 129.4 1.8 240.7 4.4 407.7 7.6 569.1 2.4 2.9 6.4 2.0 2.5
N2 8.9 11.1 121.9 1.7 446.6 16.3 2163.8 16.9 4.6 2.2 31.7 2.2 79.8 1.2 131.5 4.2 211.0 1.8 498.3 3.6 523.8 1.7 3.5 2.8 2.1 3.0 14.6 1.4 0.46 0.59 1.3 21 17.0 5.0
N3 2.6 9.8 203.5 2.5 1566.8 11.0 2847.7 11.4 1.7 14.3 39.7 4.8 96.0 0.8 181.2 7.3 249.1 0.9 571.4 3.0 567.2 1.2 2.9 5.7 1.9 1.8 12.8 15.1 0.44 0.55 1.2 19
N4 2.8 9.6 151.7 9.3 830.2 60.2 2640.1 16.8 3.5 34.9 38.0 0.3 95.3 1.2 145.0 0.8 228.0 2.7 460.7 7.1 499.3 2.2 2.9 7.4 1.8 0.5
N5 3.5 9.0 194.3 8.9 1823.5 24.6 3295.6 5.7 1.8 18.2 37.0 5.1 89.3 3.0 164.9 10.9 240.7 4.4 613.9 18.3 569.1 2.4 3.5 8.4 2.0 2.5 14.9 2.2 0.46 0.57 1.2 20
N6 11.7 3.8 148.0 5.8 1057.1 3.1 2955.8 11.0 2.7 13.2 40.8 2.9 86.6 3.0 201.1 8.2 243.1 5.6 726.1 1.6 630.1 2.6 3.4 7.9 2.2 3.6
N7 2.5 7.3 201.1 20.2 1485.0 46.4 3032.2 12.8 2.1 27.9 41.5 3.5 95.9 1.4 195.7 4.1 265.3 2.3 617.2 4.5 599.7 1.8 2.9 8.3 1.9 1.3
N8 3.7 6.8 223.2 17.5 1786.7 36.1 3008.7 0.6 1.7 43.6 42.5 2.4 96.5 0.2 183.8 4.9 252.5 1.5 615.3 7.0 573.3 2.2 3.1 7.9 1.9 1.2 13.2 2.8 0.45 0.54 1.2 16
N9 2.8 14.6 46.9 6.5 107.3 2.0 204.6 9.4 267.4 3.7 834.9 11.0 718.1 4.9 3.9 6.4 2.3 2.0 13.7 1.2 0.43 0.51 1.2 15
N10 8.9 11.1 40.0 2.8 95.5 0.8 181.5 6.9 273.3 1.4 882.4 11.6 788.8 5.4 4.6 5.2 2.5 7.2
N11 2.6 9.8 61.2 7.3 118.2 2.6 315.6 15.2 334.8 5.5 1042.3 9.4 873.0 3.9 3.1 8.6 2.3 3.7
N12 3.2 9.9 48.0 0.2 111.5 1.8 194.2 0.8 277.7 3.1 747.0 2.0 726.5 3.6 3.6 2.9 2.2 2.1 14.7 0.8 0.43 0.51 1.2 16
N13 3.5 9.0 66.5 5.0 104.6 1.8 388.3 8.8 319.2 4.1 1124.4 2.8 870.4 1.9 2.7 6.2 2.4 3.0
N14 11.7 3.8 47.9 3.2 98.1 1.9 239.9 10.1 325.1 5.2 1037.8 5.0 899.0 2.9 4.1 7.2 2.5 3.6 16.8 3.8 0.48 0.58 1.2 18 18.9 0.4
N15 2.5 7.3 56.5 12.3 110.5 1.8 316.4 20.8 330.4 3.0 1010.9 9.0 878.7 1.9 3.1 14.0 2.3 1.6 15.5 1.7 0.43 0.52 1.2 17
N16 3.7 6.8 60.5 6.6 113.1 2.4 312.9 16.4 331.0 4.6 1002.2 7.5 864.4 2.4 3.0 10.2 2.3 3.1
N17 2.1 10.7 186.7 8.8 1546.0 43.2 2928.5 10.0 2.0 36.2 42.0 2.1 98.3 1.3 174.2 3.5 245.5 2.2 612.9 2.8 545.9 1.1 3.3 1.6 1.8 1.6
N18 5.1 6.9 158.1 9.7 1190.0 39.0 2749.1 10.6 2.4 35.3 42.2 6.7 89.0 0.6 187.9 13.4 231.7 0.4 694.7 14.1 551.7 2.3 3.5 10.1 2.0 2.3
N19 10.1 6.2 115.1 2.9 529.7 28.7 2610.9 9.2 4.9 22.1 36.9 4.1 79.5 2.0 184.9 12.5 225.7 4.2 774.7 11.0 588.7 2.8 4.0 1.3 2.3 1.3
N20 2.8 7.6 183.7 5.6 1117.1 23.2 2569.5 7.6 2.2 17.0 46.7 3.3 100.0 0.5 207.4 4.7 255.4 0.7 650.8 6.8 562.7 1.8 2.9 3.6 1.8 3.0
N21 2.5 13.1 162.5 5.0 987.4 47.2 2792.2 13.2 3.0 36.4 40.5 3.5 101.5 0.7 147.7 5.4 232.4 1.0 453.2 10.8 490.5 1.6 2.8 6.0 1.7 1.9
N22 3.7 7.2 193.9 14.3 1424.4 32.4 3265.3 6.4 2.4 46.1 47.9 2.8 98.4 2.0 219.2 5.6 263.5 2.7 709.7 3.1 595.1 1.8 3.0 8.5 1.9 0.9
N23 3.3 10.4 173.0 3.9 1379.2 13.5 2863.3 5.7 2.0 12.4 29.6 2.7 79.9 0.7 117.7 3.2 188.8 1.4 315.1 4.3 357.1 1.0 2.4 1.3 1.5 0.4
N24 3.3 10.4 38.5 1.7 99.2 1.2 159.4 1.4 241.0 1.9 533.3 10.9 520.4 1.6 3.1 10.4 1.7 0.9
N25 3.8 8.5 48.6 0.2 112.1 1.4 203.3 0.2 316.3 3.9 835.0 3.5 863.9 3.5 3.9 3.5 2.4 1.9
N26 3.8 8.5 77.2 12.6 123.2 1.2 456.8 12.6 333.7 3.2 1187.2 4.8 887.3 3.5 2.4 8.5 2.3 3.1
N27 3.4 9.1 38.5 1.3 93.9 2.9 155.5 2.7 236.8 5.1 601.0 8.9 542.8 2.1 3.6 6.8 1.9 3.4 14.3 2.7 0.44 0.53 1.2 16
N28 3.1 11.3 36.5 1.6 94.5 2.1 148.9 3.3 242.0 0.7 526.6 17.0 533.8 2.9 3.3 14.9 1.8 4.1 11.6 3.0 0.45 0.54 1.2 17 18.4 5.4
N29 3.4 9.1 34.8 4.4 90.2 0.6 144.5 7.2 229.9 0.2 519.1 23.4 526.8 1.6 3.3 18.6 1.9 1.5 11.0 4.0 0.44 0.54 1.2 18
PB 64.3 1.0 166.8 0.1 348.5 1.4 1.7 0.8 19.8 0.6 64.3 1.0 84.8 0.1 166.8 0.1 220.8 0.8 348.5 1.4 2.4 1.1 1.7 0.8 12.4 8.3 0.47 0.60 1.3 22 7.6 1.8
  
 
 
APPENDIX 5 
Tablet results. TS = tensile strength, CF = compression force, RSD% = relative standard deviation percentage. 
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N2 1.84 4.5 6.3 1.8 1.45 5.4 5.0 1.5 2.49 4.4 9.3 2.1 2.92 5.2 13.8 1.9 0.24 204.4 0.3 27.77 0.4 75 4.8 2.4 1.7
N3 2.05 4.2 6.4 2.1 1.71 5.9 5.1 1.7 2.49 4.3 9.0 1.9 2.94 4.4 13.6 2.0 0.33 204.0 0.3 27.45 0.2 103 6.2 2.5 2.5
N5 1.92 5.0 5.7 2.3 1.66 6.2 4.6 1.2 2.47 4.9 8.4 2.2 2.93 5.3 12.9 3.4 0.19 202.2 0.2 26.88 0.2 81 11.4 2.4 2.4
N8 1.98 5.0 5.7 2.1 2.28 4.6 6.6 1.7 2.71 4.9 9.9 2.1 3.04 4.9 14.3 1.5 0.31 205.5 0.2 27.49 0.2 88 9.9 2.6 7.5
N9 1.90 5.7 7.2 2.2 1.47 6.5 5.0 2.8 2.35 5.0 10.0 2.1 2.59 3.5 15.8 2.2 0.20 199.9 0.3 27.52 0.2 88 3.7 2.9 9.7
N12 2.15 5.2 7.3 2.8 1.81 5.5 5.5 2.7 2.54 6.0 10.4 3.9 2.68 5.4 14.1 3.0 0.15 201.9 0.4 27.38 0.2 126 4.3 3.4 9.4
N14 2.54 6.9 6.8 3.0 2.39 6.6 6.1 3.5 3.09 5.8 11.9 3.5 3.22 6.1 16.7 2.9 0.23 204.6 0.3 27.2 0.4 136 5.8 3.2 4.2
N15 2.12 4.9 6.2 4.0 2.00 5.7 5.4 3.2 2.81 4.6 9.9 2.7 2.98 4.9 13.5 3.3 0.24 203.5 0.4 26.61 0.3 117 8.3 2.8 10.9
N27 2.08 4.9 6.2 1.9 1.76 6.7 5.0 1.5 2.71 3.8 9.6 2.0 1.96 3.9 15.2 2.1 0.27 201.7 0.2 26.75 0.3 86 3.2 2.6 8.3
N28 1.96 3.9 6.7 1.8 1.52 5.6 4.9 1.1 2.47 5.7 9.4 1.7 2.78 4.1 13.8 1.6 0.24 202.2 0.2 27.57 0.3 96 3.7 2.6 3.0
N29 1.86 5.1 6.1 2.5 1.44 3.7 4.6 1.3 2.39 5.6 9.2 1.4 2.73 4.9 13.5 1.3 0.40 201.2 0.2 26.79 0.2 71 8.2 2.4 1.9
PB 2.08 4.9 14.1 3.1 1.17 6.8 5.2 3.1 1.86 5.5 10.1 3.4 2.26 6.3 17.8 2.4 0.31 201.5 0.4 26.71 0.3 90 0.0 4.2 10.8
  
 
APPENDIX 6 
High shear granule and tablet results. PSD = particle size distribution, MS = Mastersizer, QP = QicPic, CF = compression force, TS = 
tensile strength, RSD% = relative standard deviation percentage. 
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HSG1 45.9 0.8 108.3 0.2 124 4.7 180.5 1 347.1 36.3 338.4 4.9 2.4 37.4 1.3 6.2 44.3 8.1 4.9 1.1 0.96 5.06 9.5 1.3 1.68 4.4 14 2.1 2.06 4.8
HSG2 38 1 99 0.3 107.4 1.6 176.9 1.1 297.8 11.5 351 4 2.4 11.6 1.4 4.4 37.9 7 5.2 2.1 1.05 5.65 10.2 2.2 1.86 4.5 14.3 1.7 2.21 5.0
HSG3 93.6 4.6 158.2 1.2 240.5 3.3 255.3 0.4 499.2 3.7 405.9 0.4 1.7 0.4 1 1.8 5.2 1.1 1.15 6.44 10.3 1.1 2.11 5.1 14 1.3 2.51 4.6
